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ABSTRACT
QUATERNARY GEOLOGIC SLIP RATES FOR THE NORTHERN RODGERS CREEK
FAULT, NEAR WINDSOR, CA
by Alianora Walker
New Quaternary geologic slip rates were determined for the northern Rodgers Creek
Fault at two sites near Windsor, CA. Slip rates were determined through Quaternary
mapping and geochronologic dating, specifically in situ cosmogenic 10Be, and infrared
stimulated luminescence dating. At the Shiloh Ranch Regional Park site, a terrace dated to
~3.2 ka – 7.9 ka and offset 18 m – 45 m yielded a preliminary slip rate of 6.1 mm/yr ± 4.5
mm/yr. At the Foothill Regional Park site, an older Quaternary terrace and a younger
alluvial fan deposit are reconstructed with source drainages across the fault. Reconstructing
the ~68.8 ka – 88.8 ka terrace with a similar terrace across the fault produced an offset of 280
m – 400 m. Reconstructing the ~24.2 ka – 35.7 ka alluvial fan with a source drainage across
the fault, produced an offset of 85 m – 130 m. This reconstruction also realigns six pairs of
deposits with similar relative geomorphic age across the fault, immediately to the south.
These results were used to calculate slip rates of 4.3 mm/yr ± 1.1 mm/yr since ~88 ka and 3.6
mm/yr ± 1.2 mm/yr since ~35 ka, respectively, and a combined slip rate of 4.2 mm/yr ± 1.0
mm/yr. Comparison of these slip rates with published slip rates allows for a greater
understanding of slip partitioning within the Santa Rosa Pull-Apart basin and within the
North Coast section of the San Andreas Fault system.
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INTRODUCTION
The Rodgers Creek Fault is a major fault within the San Andreas Fault system in the San
Francisco Bay Area and poses significant seismic hazards to local residents (e.g., Wong,
1991; Hecker et al., 2005). In this study, located on a section of the northern Rodgers Creek
Fault from the latitudes of ~38°, 30’ to ~38°, 35’ (see oversized material, Plate 1), new
Quaternary mapping and geochronology was used to determine Quaternary geologic slip
rates for the fault. This fault is of key importance because it has the capacity to produce
large earthquakes (Hecker et al., 2005), has produced historic damaging earthquakes (Wong,
1991) and because geologic slip rates are unconstrained for the northern Rodgers Creek Fault
since ~1 Ma (McLaughlin et al., 2012). In this study, two slip rate sites were selected on the
northern Rodgers Creek Fault through Quaternary geomorphic mapping. These sites are
located in Shiloh Ranch Regional Park and Foothill Regional Park. Newly determined slip
rates were used, in conjunction with published slip rates, to examine the spatial and temporal
variability of slip rates along the fault. New rates also allow for an assessment of the slip
distribution for faults within the North Coast section of the San Andreas Fault.
Fault Nomenclature
Within the San Andreas plate boundary system, the Rodgers Creek Fault is part of the
Hayward-Rodgers Creek-Bennett Valley-Maacama Fault system (Fig. 1). The fault system,
connected by several stepovers, is a principal branch of the San Andreas Fault system in the
North Bay (Langenheim et al., 2010) and accommodates strain over a broad zone of
deformation (Wong, 1991). From south to north, the fault system includes the Hayward,
southern Rodgers Creek, Bennett Valley, northern Rodgers Creek, and Maacama faults
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Figure 1. Generalized Geologic and Fault Maps. A. Map of the North American and
Pacific Plates, and principal plate boundary faults. B. shows a simplified Quaternary
fault map. Gold stars show city locations. C. shows a generalized geologic map the
North Bay. The Green polygon shows the location of the study area. Slip rate citations
beneath fault names: A (Budding et al., 1991; Schwartz et al., 1992), B (Prentice et al.,
2014), C (Grove and Niemi, 2005), D (Lienkaemper and Borchardt, 1996), E (Kelson et
al., 1996), F (Simpson et al., 1999; Baldwin et al., 2004). The stippled pattern and
outline showing the area of the Santa Rosa Pull-Apart basin is sourced from
McLaughlin et al. (2012). SRTM 30 m digital elevation data was available from the
USGS Earth Explorer (https://earthexplorer.usgs.gov/). Generalized geologic map data
was available from the USGS (Jennings et al., 1977).
2

(Langenheim et al., 2010). The Hayward Fault extends along the east side of the San
Francisco Bay from San Jose, CA north into San Pablo Bay (Fig. 1). The Rodgers Creek
Fault is mapped from Sears Point near the northern shore of San Pablo Bay to west of
Geyserville, CA (Wong, 1991; McLaughlin et al., 2012; Hecker and Randolph Loar, 2018;
Fig. 1). The Bennett Valley Fault splays off the Rodgers Creek Fault, ~10 km north of San
Pablo Bay, forming a right step, and runs sub-parallel to the Rodgers Creek Fault north to
Santa Rosa (Fig. 1), further projecting to the Maacama Fault (Langenheim et al., 2010). The
Maacama Fault continues 150 km farther north (Wong, 1991), ending in the Mendocino
Triple junction (Furlong, 2011). Strain partitioning between these faults provides the context
for slip rates and seismic hazards on the Rodgers Creek Fault, so these faults are of key
interest to this study.
The Rodgers Creek Fault
The Rodgers Creek Fault has two segments, a northern and a southern segment, which
meet in a right bend in the fault under the city of Santa Rosa (Hecker et al., 2016); together,
the northern and southern segments of the Rodgers Creek Fault form one of the longest
continuous fault zones in the San Francisco Bay Area. Both segments are mapped as active
in the Holocene (Hecker et al., 2005; Hecker and Randolph Loar, 2018). Previous
geomorphic mapping of the 43 km long (Wong, 1991; McLaughlin et al., 2012) southern
Rodgers Creek Fault trace shows that the fault is expressed by abundant youthful
geomorphology, and shows evidence of recent fault activity (Hecker et al., 2005). Much of
the trace of the Rodgers Creek Fault is expressed in bedrock (Schwartz et al., 1992), but the
fault also displaces Quaternary deposits. Displaced Holocene alluvial fan deposits along the
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southern Rodgers Creek Fault show classic strike-slip tectonic geomorphology, including
offset and beheaded stream channels, shutter ridges, pressure ridges, sag ponds, and fault
scarps (Schwartz et al., 1992). The northern segment of the Rodgers Creek Fault, or
Healdsburg Fault (e.g., Wong, 1991; Wong and Bott, 1995; McLaughlin et al., 2012; Hecker
et al., 2016) is also mapped as active in the Holocene from Santa Rosa almost as far north as
Geyserville (Hecker and Randolph Loar, 2018), as it transverses the western edge of the
Mayacamas Mountains. The northern Rodgers Creek Fault overlaps along strike for ~40 km
with the Maacama Fault forming a right step-over just north of Santa Rosa (McLaughlin et
al., 2012).
The Rodgers Creek Fault runs adjacent to urban centers including Windsor, Healdsburg,
Santa Rosa, and Petaluma and is an Earthquake Hazard zone under the Alquist-Priolo
Earthquake Fault Zoning Act (Bryant and Hart, 2007). Approximately half of the residents
of Sonoma County live on the Santa Rosa plain, a northwest-trending structural low
(Sweetkind et al., 2010) that lies immediately adjacent to the fault. Additionally, the Rodgers
Creek Fault is considered to be one of the most hazardous in the region because of its high
geodetic slip rate, absence of a historic earthquake, and the possibility for a joint rupture with
the Hayward Fault (Field et al., 2014). According to the Working Group on California
Earthquake Probabilities in 2007, the Rodgers Creek and Hayward faults together are the
most likely to produce a major earthquake in the next 30 years, a probability of 32% that of a
M > 6.7 or greater earthquake could occur (Field et al., 2014).
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Seismicity on the Rodgers Creek Fault
Two of the largest earthquakes to shake the northern San Francisco Bay Area since the
1906 Great San Francisco Earthquake, occurred on the Rodgers Creek Fault on October 1,
1969: a M 5.6 earthquake followed by a M 5.7 earthquake about 2 hours later (Wong and
Bott, 1995). Despite the low magnitude of these earthquakes (Wong and Bott, 1995),
significant structural damage occurred in Santa Rosa. Shaking severely damaged
infrastructure, including roads and pipelines, as well as wood frame, brick, and some modern
earthquake-resistant buildings (Cloud et al., 1970; Steinbrugge et al., 1970; Wong and Bott,
1995). In Santa Rosa, the earthquakes were felt at Maximum Modified Mercalli indices of
VII and VIII. This shaking covered and area of 27,000 km2. Over 200 aftershocks followed
the two main earthquakes. Relocated focal mechanisms show that the two main shocks as
well as many of the aftershocks are consistent with right-lateral motion on the northweststriking northern Rodgers Creek Fault (Wong and Bott, 1995). Simulation of horizontal
ground motion from the first M 5.6 event on 1 October 1969 suggested that ground motion
was amplified by a factor of two to three above the deepest portions of the Windsor and
Cotati basins (McPhee et al., 2007). Ground motion amplification was particularly elevated
at the margin of the northeast corner of the Cotati basin under Santa Rosa (McPhee et al.,
2007).
Several paleoseismic studies have demonstrated that the southern Rodgers Creek Fault
has produced large earthquakes in prehistoric times. Randolph and Caskey (2001) identified
six ground-rupturing mid to late Holocene faulting events in two trenches. Givler et al.
(2016) also excavated two trenches at a second site and observed evidence for at least three
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late Holocene faulting events. Trenching by Hecker et al. (2005) gives evidence for at least
three M 7 or greater earthquakes on the southern Rodgers Creek Fault during the late
Holocene. This work provides evidence that the last ground rupturing earthquake on the
Rodgers Creek Fault occurred between 1715 – 1776, or more conservatively between 1690 –
1824 (Hecker et al., 2005). Large paleoearthquakes have also been documented on the
northern and southern segments of the Hayward Fault between 1640 and 1776 (Lienkaemper
et al., 2002). The overlapping timing of the two events suggest that the Hayward and
Rodgers Creek faults could have ruptured simultaneously (Hecker et al., 2005) producing up
to a M 7.1 – M 7.4 earthquake (Working Group on California Earthquake Probabilities, 1999,
2003).
The only published Quaternary slip rates for the Rodgers Creek Fault were determined
through paleoseismic studies on the southern Rodgers Creek Fault. Revision of work from
Budding et al. (1991) determined Holocene slip rates for the Rodgers Creek Fault of 6.4
mm/year – 10.4 mm/year (Fig. 1) for the past 750 years from an offset debris flow, an
estimate that is comparable to the Hayward Fault (Schwartz et al., 1992; Fig. 1). This work
also produced a recurrence interval of 131 years – 370 years, with a preferred recurrence
interval of 230 years (Schwartz et al., 1992). If 181 years – 315 years, or less conservatively
229 years – 290 years (Hecker et al., 2005), have elapsed between the last large earthquake
and 2005 it is likely that the Rodgers Creek Fault has reached, or is approaching the average
repeat time for large earthquakes (Schwartz et al., 1992).
In contrast to documentation of paleoearthquakes on the southern Rodgers Creek Fault,
the northern Rodgers Creek Fault is comparatively understudied. Despite long recognition of
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the fault’s activity (e.g., Willis and Wood, 1922; Weaver, 1949; R. D. Brown, 1970;
Huffman, 1971; Herd, 1978; Hart, 1982, 1992; Wong, 1991; Hecker et al., 2005) slip rate,
elapsed time, and seismic potential, have not been determined. Paleoseismic trenching at
Shiloh Ranch Regional Park provided evidence for three to four surface rupturing
earthquakes that occurred during the Holocene (Swan et al., 2003). Other trenches between
Windsor and Healdsburg also indicate that the fault has been active in the Holocene (Hecker
et al., 2005; Hecker and Randolph Loar, 2018). However, further study is needed to better
document the earthquake history of the northern Rodgers Creek Fault to determine if
earthquakes observed on either segment of the fault may be the same events and if the two
segments share slip rates and recurrence intervals.
Along with observations of creep on the Hayward and Maacama faults (e.g., Cluff and
Steinbrugge, 1966; Galehouse and Lienkaemper, 2003; Bilham et al., 2004; McFarland et al.,
2016), geodetic techniques, including persistent scatterer Interferometric Synthetic Aperture
Radar (InSAR), have demonstrated that the Rodgers Creek Fault creeps, and that the
amplitude of creep is variable along strike of the fault (Jin and Funning, 2017). The northern
Rodgers Creek Fault, between Santa Rosa and Healdsburg, is creeping at a spatially variable
rate between 1.9 mm/yr – 6.7 mm/yr (Jin and Funning, 2017). These creep rates are
corroborated by Swiatlowski et al. (2019), a study that documented creep rates of 2 mm/yr –
6 mm/yr for the Rodgers Creek Fault using new Sentinel-1 satellite data. Creep rates within
Santa Rosa are ~5 mm/yr and decrease to 2 mm/yr – 3 mm/yr to the northwest (Jin and
Funning, 2017). Detectable creep on the northern Rodgers Creek Fault is in contrast to that
of the southern Rodgers Creek Fault; immediately southeast of Santa Rosa, the southern
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Rodgers Creek Fault appears to be locked (Jin and Funning, 2017). Along-strike changes in
creep rate may be due to fault geometry and a potential right releasing bend between the
Rodgers Creek and Maacama faults (Jin and Funning, 2017) or the geometry of a basement
body buried beneath the Santa Rosa Plain (Hecker et al., 2016).
Maacama Fault
The Maacama Fault is the northernmost fault relevant to this study and is the eastern
principal bounding fault of the Santa Rosa Pull-Apart basin. At its northern extent, just south
of the Mendocino Triple Junction, the Maacama Fault accommodates a high degree of plate
boundary deformation within the San Andreas Fault system; together, the San Andreas,
Bartlett Springs, and Maacama faults accommodate 86% of motion between the North
American and Pacific plates at the latitude Willits, CA (Prentice et al., 2014; Figure 1). Over
the history of the Maacama Fault since 3.2 Ma, the fault appears to have gone through at
least two fault system reorganizations, a period of transtensional faulting (McLaughlin and
Nilsen, 1982; Nilsen and Mclaughlin, 1985), followed by transpressional faulting
(McLaughlin et al., 2012). These changes in fault system geometry appear to be due to the
lengthening of the San Andreas Fault system during the migration of the Mendocino Triple
Junction (McLaughlin et al., 2012).
Today, several lines of evidence support the conclusion that the Maacama Fault is active
in the late Holocene (Prentice et al., 2014) and has the potential to produce damaging
earthquakes. Geomorphic evidence shows that the fault has been active in the Holocene;
resulting tectonic geomorphic features include a series of sag ponds, linear valleys, side hill
trenches, aligned notches and saddles, shutter ridges, and scarps (Wong, 1991). The fault has
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a far-field geodetic displacement rate of 13.9 (+4.1 /- 2.8) mm/yr (Freymueller et al., 1999).
The fault creeps, with its fastest creep rate of 5.7 mm/yr ± 0.1 mm/yr from 1992 – 2012
(McFarland et al., 2013). Paleoseismic studies of the Maacama Fault, at a site located in
Willits, CA, identified two earthquake events on the fault, one of which (770 – 890 CE)
produced ground rupture, and one of which produced a folding event (Prentice et al., 2014).
A Holocene geologic slip rate of 6.4 mm/yr – 8.6 mm/yr over the last 560 – 690 years (before
2000 CE) was determined from stream channel offsets (Prentice et al., 2014). Since the longterm geologic slip rate is greater than the creep rate, the Maacama Fault is likely capable of
producing large earthquakes (Prentice et al., 2014).
Tectonic History and Context for the Modern Rodgers Creek Fault
Pacific-North American Plate Margin Evolution
The geology of the California Coast Ranges in the northern San Francisco Bay Area,
home to the Rodgers Creek Fault, was formed as the Pacific-North American plate boundary
transitioned between two tectonic regimes (Wagner et al., 2011; Fig. 1). In simplest form,
the Pacific-North American plate boundary was defined by convergence followed by a
transition to strike slip motion (McLaughlin et al., 2012; Fig. 1A). Active subduction off the
coast of California led to the emplacement and deformation of Mesozoic and early Tertiary
rocks (McLaughlin et al., 2012). In the late Miocene, regional tectonic stress transitioned
from compressional to transpressional as the East Pacific Rise was subducted, eventually
leading to the formation of the San Andreas Fault system. As the Mendocino triple junction
migrated northward during the Neogene, the San Andreas Fault grew northward through
present day Sonoma County (McLaughlin and Nilsen, 1982). During this transition,
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Mesozoic and early Tertiary rocks were overlain by time-transgressive late Cenozoic
volcanic and sedimentary rocks that were deposited along the new and evolving San Andreas
transform plate boundary (Wagner et al., 2011). The eastward migration and lengthening of
the modern plate boundary began in the late Tertiary (McLaughlin et al., 2012) and continues
today.
Evolution of the Rodgers Creek Fault System within the Evolving Plate Boundary
The Rodgers Creek Fault has evolved since it's initiation between 7.3 Ma – 6.7 Ma
(McLaughlin et al., 2012) to become a major structure that accommodates a high proportion
of plate boundary strain. Total offset estimates for the Rodgers Creek Fault are highly
variable but support the idea that the Rodgers Creek Fault has accommodated large amounts
of strain over time. Estimates of total displacement include 5 km – 10 km (Fox, 1983;
Randolph-Loar, 2002; Allen, 2003), 28 km (Sarna-Wojcicki and Borchardt, 1992;
McLaughlin et al., 2008), 38 km (Liniecki-Laporte and Andersen, 1988) and 65 km
(Graymer et al., 2002). Since initiation, the Rodgers Creek Fault has experienced four
distinct styles of deformation, generally evolving from shallow dip-slip faulting to steeper
dextral strike-slip faulting (McLaughlin et al., 2012). For the full lifespan of the fault, total
long-term slip rates for the Rodgers Creek Fault are derived through reconstruction of fault
breccias, which produce an offset of 28 km ± 0.5 km since 7.0 Ma ± 0.3 Ma and a long-term
slip rate of 4.1 mm/yr ± 0.3 mm/yr (McLaughlin et al., 2012).
Between ~3 Ma and ~1 Ma, the northern and southern segments of the Rodgers Creek
Fault appear to share slip histories (McLaughlin et al., 2012). Reconstruction of gravels in
the Glen Ellen Formation, containing obsidian clasts that were dated to be 2.8 Ma ± 0.2 Ma
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in age, results in a horizontal fault offset of 14.8 km ± 6.0 km. This reconstruction produces
a slip rate of 5.3 mm/yr ± 2.2 mm/yr averaged since 2.8 Ma ± 0.2 Ma (McLaughlin et al.,
2012). Today, dominantly strike-slip faulting is overprinted by transtensional faulting via the
opening of the Santa Rosa Pull-Apart basin, which began at 1.0 Ma ± 0.2 Ma (McLaughlin et
al., 2012). This basin is ~3-km-wide and has the Maacama and Rodgers Creek faults as
seismically active principal bounding faults (McLaughlin et al., 2012).
Strain Accommodation in the Maacama-Rodgers Creek-Hayward Fault System
Evidence for a Rodgers Creek-Hayward Fault Connection
Seismic, paleoseismic, and geologic records also support the conclusion that the Rodgers
Creek and Hayward faults are connected. Analysis of gravity, seismic reflector data, and
kinematic modeling by Watt et al. (2016) reinforces earlier findings by Langenheim et al.
(2010) that the Rodgers Creek and Hayward faults are connected under San Pablo Bay
through a gentle 10° fault bend (Watt et al., 2016). In addition, a wide zone of
microseismicity under San Pablo Bay supports the finding that a fault bend likely connects
the two faults (Wong, 1991). The timing of paleoearthquakes on the Hayward and southern
Rodgers Creek faults also support a fault connection, as the two faults could have ruptured
together (Hecker et al., 2005). The last large earthquake on the southern Rodgers Creek
Fault occurred between 1715 – 1776, or more conservatively between 1690 – 1824 (Hecker
et al., 2005); this event has similar timing to an earthquake on the northern and southern
segments of the Hayward Fault that occurred between 1640 and 1776 (Lienkaemper et al.,
2002). Due to the overlap in the date ranges between these two events, it is possible that one
event ruptured both the Hayward and Rodgers Creek faults at the same time or these events
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could have occurred in quick succession (Hecker et al., 2005; Schwartz et al., 2014). If one
event ruptured both the Hayward and Rodgers Creek faults, it’s likely that the two faults are
directly connected. The longer-term geologic record also suggests that the two faults are
connected. Total offset for the Rodgers Creek-Hayward Fault system is documented to be
~28 km via reconstruction of Tertiary volcanic rocks across the fault; without a connection
between the Hayward and Rodgers Creek faults it would be difficult to accommodate a fault
displacement of this magnitude (Wagner et al., 2011).
Maacama-Rodgers Creek Fault Strain Transfer via the Santa Rosa Pull-Apart Basin
Under the City of Santa Rosa, the northern Rodgers Creek, southern Rodgers Creek, and
Maacama faults all interact via the Santa Rosa Pull-Apart basin, a ~3 km-wide extensional
basin (McLaughlin et al., 2012; Fig. 1). The Santa Rosa Pull-Apart basin is bounded by the
seismically active northwest-striking, right-lateral Maacama and Rodgers Creek faults
(Sweetkind et al., 2010; McLaughlin et al., 2012; Fig. 1), but faults including the Bennett
Valley and numerous small Quaternary active normal faults (McLaughlin et al., 2005) may
also help transfer slip between the principal bounding faults (Langenheim et al., 2010). On
the western margin of this pull-apart basin, the northern and southern Rodgers Creek fault
segments join under Santa Rosa (Hecker et al., 2016; Fig. 1).
Within the Santa Rosa Pull-Apart basin, the nature of the fault connections and strain
transfer between the principal bounding faults is obscured by complex fault geometry and
thick basin sediments. Prior to basin opening starting at 1.0 ± 0.2 Ma, the northern and
southern Rodgers Creek faults appear to have shared slip histories (McLaughlin et al., 2012),
but since the opening of the basin the nature of slip accommodation between the two faults is
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uncertain. The northern and southern Rodgers Creek faults are seemingly continuous across
the Santa Rosa Pull-Apart basin (McLaughlin et al., 2012), but since the pull-apart basin also
connects the Rodgers Creek and Maacama faults via a major step or bend since 1 Ma
(McLaughlin et al., 2012), the proportion to which slip is transferred from the southern
Rodgers Creek Fault to the northern Rodgers Creek Fault and Maacama Fault remains
unclear. If the northern and southern Rodgers Creek faults are presently isolated from the
pull-apart basin and act as one continuous fault, the northern Rodgers Creek Fault could
accommodate all the slip from the southern Rodgers Creek Fault and the two faults may
share slip rates and earthquake histories (McLaughlin et al., 2012). If, however, the two
faults are connected to other faults in the pull-apart basin, some slip from the southern
Rodgers Creek Fault may be accommodated by the Maacama Fault instead.
In this study, new late Quaternary slip rates have been determined for the northern
Rodgers Creek Fault to examine whether the cumulative slip rate along and across the
Rodgers Creek Fault has remained constant since 1 Ma. If so, new Quaternary slip rates
should be similar to slip rates on the southern Rodgers Creek Fault and should be similar to
published slip rates over multiple time scales, including slip rates derived from geologic,
InSAR, and GPS studies. By examining slip rate trends in time and space on the Rodgers
Creek Fault, this study examines slip partitioning across the Santa Rosa Pull-Apart basin.

13

METHODS
This research utilizes LiDAR image interpretation, geomorphic field mapping, and
Quaternary geochronology to identify, quantify and better understand the temporal and
spatial distribution of geologic slip rates, over the past 103 to 105 years on the Rodgers Creek
Fault. Using field mapping and image interpretation of high-resolution digital topography
data (LiDAR available through OpenTopography.org; https://doi.org/10.5069/G9G73BM1),
1:10,000 scale geomorphic maps of the study area were constructed and subsequently
digitized in ArcMap. Through this mapping, two slip rate sites were identified, one in Shiloh
Ranch Regional Park and one in Foothill Regional Park (Fig. 2). Areas within these slip rate
sites have been mapped at 1:1000 scale to allow for detailed reconstruction of offset
landforms. A total of 23 samples were collected to constrain the ages of offset landforms: 22
in situ cosmogenic 10Be samples, and one post-IR IRSL sample.
Mapping
To determine Quaternary geologic slip rates for the northern Rodgers Creek Fault, new
maps were created of all active strands of the northern Rodgers Creek Fault as well as
adjacent Quaternary deposits within the study area (see oversized material, Plate 1). To map
and subdivide Quaternary units, paper shaded-relief base maps were created using ~1 m
resolution bare-earth LiDAR available through OpenTopography.org. These base maps were
used in the field to identify, define and subdivide Quaternary units and to map active fault
strands through identifying local tectonic geomorphic features. In addition to shaded-relief
maps, digital elevation model derivatives, such as slope-shaded relief, aspect-shaded relief,
and shaded relief-topographic-contour maps were used to accentuate the subtle
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Figure 2. Geographic Field Area Context Map. This figure gives an overview of the
study area, which encompasses an ~10 km long section of the northern Rodgers Creek
Fault. The green border shows the outline of the map area mapped at 1:10,000 scale.
Smaller purple rectangles show map insets for Foothill Regional Park and Shiloh
Ranch Regional Park mapped at 1:1,000 scale. Chartreuse overlays show areas where
geology was mapped in the field. All other mapping was completed through LiDAR
image interpretation. Gold stars denote sampling locations. LiDAR is available
through OpenTopography.org
geomorphology. Completed paper field maps were subsequently digitized using ArcGIS
mapping software and Adobe Illustrator. This digitization process also facilitated the
mapping of areas within the study area, where field access was never achieved. All field
mapping was constrained to Foothill Regional Park, Shiloh Ranch Regional Park, Chalk Hill
Winery, Notre Vue Winery, and Middle Earth Farm (Fig. 2), or from public roads. All
additional mapping was derived solely from LiDAR image interpretation. All new mapping
is within the map area of the Healdsburg and Mark West Springs 7.5 minute Quadrangles.
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Newly created detailed fault maps build on previous fault mapping in USGS Scientific
Investigations Map 3410 (Hecker and Randolph Loar, 2018), a map created primarily
through LiDAR image interpretation.
Fault Mapping
Creating detailed geomorphic maps required both classification of new Quaternary units
in the field area and the identification of all active fault strands within this ~10 km long
section of the northern Rodgers Creek Fault. Through field mapping and image
interpretation of LiDAR contoured shaded-relief maps, tectonic geomorphic features were
located, and used to trace fault strands. By connecting short fault segments defined by
individual geomorphic markers, it was possible to establish fault traces across the study area.
Alluvial Fan, Fluvial Terrace, and Bedrock Mapping
Alluvial fan and fluvial terrace mapping. Quaternary mapping required the classification
and identification of Quaternary units. In the 7.5 minute Healdsburg and Mark West Springs
quadrangles, there are large areas mapped in this study as Quaternary fluvial units that were
previously mapped as undifferentiated unnamed early Pleistocene to Pliocene fluvial deposits
(McLaughlin et al., 2004; Delattre, 2011). The age range of these units is poorly known, but
are assumed for the purpose of this study to be primarily Quaternary. Ongoing work in the
area by others promises to improve age control. In Foothill Regional Park, older gravels are
incised by younger preserved deposits. Since these Quaternary (?) deposits are all in an
erosive regime, the modern geomorphology was used to classify units based on their degree
of exhumation, where geomorphically older units are generally higher and more dissected by
hillslope processes than younger units. Alluvial fan units are classified Q1 – Q4 based on
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relative geomorphic age, where Q1 are the oldest and Q4 are the youngest. Fluvial terraces
are classified Qt1 – Qt7 based on their elevation above the channel bottom, where Qt1 is at
the lowest elevation and Qt7 is at the highest elevation. Each mapped Quaternary unit is
described in detail in the results section.
Landslides. Landslides are abundant in the study area but are not mapped in this study.
In cases where landslides are evident in the field or in LiDAR image interpretation, these
features are mapped as the fan or bedrock unit underlying the landslide.
Geologic bedrock mapping. Where present, bedrock units are mapped within the study
area following previous mapping by Delattre (2011), in the 7.5 minute quadrangle bedrock
map of Healdsburg, and by McLaughlin et al. (2004), in the 7.5 minute quadrangle bedrock
maps of Mark West Springs. Map units were simplified and correlated across the two
quadrangle maps. Since the new 1:10,000 scale map has a larger scale than the two 7.5
minute quadrangles, contacts were reinterpreted based on proximal changes in
geomorphology visible in the available LiDAR. These bedrock units were largely mapped
solely from LiDAR and not in the field. As a result, contact locations and unit differentiation
do not represent the same degree of precision or accuracy seen in Quaternary units. In some
areas, especially those with significant anthropogenic landscape modification, no geomorphic
evidence is visible in LiDAR to denote a mapped contact. In these cases, bedrock units were
transferred to the new map as they appear in the previously mapped 7.5 minute quadrangles
(see oversized material, Plate 1).
Mapping modified surfaces and anthropogenic fill. One significant challenge in
compiling a detailed Quaternary map of this area is the high degree of anthropogenic
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landscape modification in the study area. Although most variations in geomorphology and
topography in the fault zone appear to be controlled by local fault geometry or changes in
lithology, the landscape has also been significantly modified by land-use practices such as
grazing, tilling, and urban development. In particular, the development of wineries has led to
anthropogenic smoothing of the landscape. These geomorphic modifications complicate
assessment of relative geomorphic age. Modified surfaces where material has been removed
or redistributed, such as roads, structure foundations, and areas where grapes have been
planted (see oversized material, Plate 1), are mapped as the unit that is interpreted to be under
the disturbed ground. Areas where anthropogenic fill was added to a surface are mapped,
however. Examples of these areas include dams, tailings piles, and larger banked roadways
(see oversized material, Plate 1).
Geochronology: 10Be In Situ Cosmogenic Dating
In this study, five 10Be exposure samples, three 10Be depth profiles, and one post-IR IRSL
sample were collected to constrain the timing of offsets at the Shiloh Ranch Regional Park
site and at the Foothill Regional Park site (Fig. 2). Where possible, depth profiles were
collected, as they can be used to constrain the contribution of 10Be concentration in a sample
caused by exposure of the sample during exhumation and transport (Repka et al., 1997). For
this reason, 10Be depth profiles provide more robust age controls for the sampled landforms
than individual surface clasts. All 24 10Be samples were processed through geochemical lab
procedures jointly at San Jose State University and Lawrence Livermore National
Laboratories (Appendices A – C). In the following section, geochronologic field and
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laboratory methods are described. Multiple sampling methods are described as field methods
evolved over the course of several trips into the field.
In-situ cosmogenic nuclides produced from spallation reactions, such as 10Be, are formed
at the Earth’s surface when minerals in rocks and soils are bombarded by high energy
particles (Hunt et al., 2008; Corbett et al., 2016). These spallation reactions occur down to
several meters depth beneath the surface (Hunt et al., 2008; Corbett et al., 2016), but decrease
with depth due to shielding by overlying sediments. For example, the production and
accumulation of cosmogenic 10Be at sea level in high latitudes occurs at a rate of ~4 atoms of
10

Be per gram of quartz per year (Corbett et al., 2016). This accumulation of 10Be is

dependent on several factors, including elevation, latitude, shielding and Earth’s magnetic
field (Corbett et al., 2016). Through quantifying local production rates using these factors,
and by measuring 10Be concentrations for a given landform, it is possible to calculate the
exposure age of that deposit. As a result, 10Be is useful for quantifying landscape scale
changes at Earth’s surface (Hunt et al., 2008) and can be used to constrain fault slip rates
(Bierman et al., 1995; E. T. Brown et al., 1998; Matmon et al., 2005; Rood et al., 2010).
Shiloh Ranch Regional Park 10Be Geochronology
At Shiloh Ranch Regional Park, in situ cosmogenic 10Be dating was used to constrain the
age of two landforms. Here, the fault deflects a narrow stream channel (Fig. 3). At this site,
a fluvial terrace, Qt4, and an alluvial fan, Q3, were sampled. The sampled terrace is
preserved within the deflected channel at the site (Fig. 3). The sampled alluvial fan is located
at the mouth of the channel (Fig. 3).
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Figure 3. Geochronologic Sampling at Shiloh Ranch Regional Park Slip Rate Site.
This figure shows a photos of 10Be samples collected from the Qt4 terrace, as well as
the sampling locations. A. shaded relief map of the sample site. Gold stars show
sampling locations. B. field photo of the deflected channel with the interpreted fault
locations and relative position of the offset Qt4 terrace. C. field photo showing the
location of the RCF-P1 10Be depth profile. D. field photo of the RCF-S1, an exposure
sample, collected from the surface of the terrace.
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Alluvial fan sampling method and initial sample processing. The sampling strategy for
the gently sloping fan was twofold. The initial intent was to collect a 10Be cosmogenic depth
profile. Unfortunately, after hand excavating a pit into the channel wall of the incised stream
channel, the soil profile demonstrated that there were two separate deposits preserved in the
wall of the pit. As this is strong evidence to refute the key assumption for a depth profile that
inheritance is constant with depth (Hidy et al., 2010), a 10Be depth profile was not collected.
Instead, one 10Be exposure sample was collected from the surface of the fan to constrain the
age of the fan (RCF-S5, Fig. 3). The surface of this deposit has been anthropogenically
modified; two roads and a parking lot are built into the fan, and the lower slopes have been
plowed and planted as a vineyard. Sampling occurred on the undeveloped banks of a stream
channel that is incised into the fan. This surface was vegetated by tall grass, and occasional
manzanita bushes and small oak trees. The collected sample was a large red chert cobble,
which was crushed and sieved, without cutting the clast. The 250 μg – 500 μg size fraction
was selected for quartz purification.
Fluvial terrace sampling method and initial sample processing. The second sampled
deposit was a fluvial terrace, Qt4 (Fig. 3), preserved in the deflected channel at Shiloh Ranch
Regional Park. The terrace stands ~2 m above the modern stream bottom, and is the highest
terrace preserved in the channel. The terrace deposit is clast supported. The only
sedimentary structures observed were some planar layers, which were weakly defined by
variations in grain size. Pebble clasts within the terrace deposit are well rounded to
subrounded, 2 cm – 3 cm in size and are composed of mostly chert and volcanic rocks,
including tuff, andesite, and rhyolite. The largest clasts visible within the deposit are cobble
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sized, ~16 cm, but the majority of clasts are pebbles and gravel. The matrix of the terrace
deposit is composed of mud to coarse sand. The surface of this deposit is vegetated by sparse
grass, but the terrace is also shaded by Oak, California Bay Laurel, and Conifer trees, which
grow from higher slopes adjacent to the channel. Along with the sampled terrace, several
other terrace deposits are preserved within the deflected channel, intermittently extending
upstream and downstream from the primary fault trace. Because of insufficient resolution in
available base maps, terrace mapping remains preliminary and low confidence.
Two 10Be exposure samples were collected from the surface of the terrace (Fig. 3) to
determine an exposure age for the deposit. One amalgamated pebble sample and one wellrounded cobble were selected from the surface of the deposit. To collect the amalgamated
pebble sample RCF-P1-S (Fig. 3), pebbles were neatly brushed from the top 1 cm – 3 cm of
the surface of the deposit. Chert pebbles were specifically selected where possible. The
selected exposure cobble was a white colored, vesicular rhyolitic tuff, and was ~30 cm in
length. Initial sample processing was similar for the two exposure samples. Both samples
were crushed and sieved to select the 250 μg – 500 μg size fraction. The exposure cobble
sample was cut using a tile saw. The top ~2 cm of the exposed surface of the clast was
selected for quartz purification, and the lower portion of the clast was discarded. A weighted
average of dates and uncertainties from the two surface samples, calculated using IsoplotR
(Vermeesch, 2018), was used to define the maximum surface age for the deposit. This age is
not corrected for inheritance.
In addition to collecting exposure samples from the terrace, a 10Be depth profile, RCF-P1
(Fig. 3), was collected to constrain an inheritance corrected age for the terrace. A ~2 m deep
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pit was hand excavated into the exposed terrace riser (Fig. 3). Material was removed to
ensure that samples were taken from a clean face. A full 1 gallon ziplock bag of sediment
was collected from five different depth horizons within the deposit. A cloth tape measure
was used to define sampling horizons. Sampling began at the bottom of the depth profile to
prevent contamination of overlying sediments. These samples were collected at depths of 0
cm – 2 cm, 34 cm – 49 cm, 59 cm – 69 cm, 105 cm – 115 cm, 128 cm – 138 cm, and 191 cm
– 200 cm below the lip of the terrace. Sediment samples in the depth profile were crushed
using a rock pulverizer and disk mill, and sieved to select the 250 μg – 500 μg sized fraction.
Foothill Regional Park Slip Rate Site 10Be Geochronology
At Foothill Regional Park, two deposits were sampled on either side of Pond B (Fig. 4A)
and analyzed using 10Be in-situ cosmogenic dating: in total 16 samples were collected.
These samples were collected from a high terrace incised into the side of an older fan
deposit, and a small alluvial fan, both of which are preserved within the channel that holds
Pond B (Figs. 4 and 5, p. 27)
Pond B (Fig. 4A) is an artificial pond, which resulted from the damming of a deep
channel incised between two alluvial fan lobes. Historic air photos from 1942 (San
Francisco Estuary Institute, 2014, 2017), show that the dam of Pond B was built after this
time. The timing of dam construction is relevant because sampling on the southern side of
the pond occurred in a face exposed by excavation of the pond’s spillway. Samples collected
on the north side of the pond were sourced from a large outcrop which did not appear in the
1942 photos of the valley. This outcrop was likely exposed due to slope destabilization
resulting from dam construction. Exposure of the modern surface of the outcrop to high
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Figure 4. Geochronologic Sampling at Foothill Regional Park Northern Sample Site.
This figure shows the locations of samples collected from near Pond B in Foothill
Regional Park. A. shows a contoured elevation-shaded relief map of both sites. Gold
stars show the sampling locations for the two dated deposits. LiDAR is available
through OpenTopography.org. B. shows a field photo of the terrace where samples
were collected on the north side of Pond B. The 10Be depth profile RCF-P2 was
collected vertically in the gravel layer. The post-IR IRSL sample location is shown by
the blue circle. C. shows a detailed photo where the RCF-P2 10Be depth profile was
collected. D. shows a detailed field photo of the location where the post-IR IRSL
sample was collected from within the deposit underlying the terrace.
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energy cosmic particles could not have begun until after 1942. Besides dam construction and
any geomorphic changes from logging and grazing, the deposits on either side of Pond B
appear relatively undisturbed historically.
Above the dam, the modern surface of the fans in the region are vegetated by an oak
woodland. The forest is principally made up of large deciduous oak trees and California Bay
Laurel trees, which could lead to some amount of bioturbation in the shallow subsurface.
Fan surfaces are largely vegetated by tall grasses and manzanita bushes, which appear to
have been thinned historically to decrease fire danger at the wildland-urban interface.
Foothill Regional Park northern sample site: Deposit descriptions and sampling. On
the north side of Pond B, samples were collected from a high terrace remnant, Qt7 (Fig. 4),
that is inset into an older alluvial fan, Q2A, deposit. Samples were collected from a vertical
exposure of the terrace deposit, which shows that the deposit is stratified with interbedded
sand and pebble stratigraphic units. These units are lenticular and poorly defined. The
terrace deposit is a ~2.5 m thick, poorly sorted, clast supported, brown pebble and cobble
unit (Fig. 4). Clasts are well rounded to subangular; ~5% of clasts within the terrace deposit
are angular. Clasts lithologies consist of chert and several types of tuff and other volcanic
rocks. The deposit is strongly to moderately lithified, such that clasts are difficult to remove
from the outcrop.
In the outcrop, several other units are exposed below the ~2.5 m think terrace deposit.
These stratigraphically lower units include an upper sand unit, which overlies a tan colored
pebble and cobble unit and a lowermost orange colored gravel unit. These lower units are
interpreted to be part of the older alluvial fan into which the terrace is incised.
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A 10Be depth profile and one amalgamated pebble sample were collected from the terrace
(Fig. 4). The RCF-P2-S (Fig. 4) amalgamated pebble exposure sample was collected from
the surface of the deposit just above the depth profile. A total of two 2L bags of clasts were
collected by gently sweeping clasts off the top 1 cm – 3 cm of the surface into bags.
Sampling for the 10Be cosmogenic depth profile, RCF-P2, started at the surface and
proceeded down to 2.5 m beneath the surface (Fig. 4). To establish depth intervals, a cloth
tape measure was laid over the surface of the outcrop. This was used to establish ~20 cm
wide depth horizons in the deposit, which were extrapolated horizontally. Samples were
collected at depth 0 cm – 10 cm, 40 cm – 60 cm, 90 cm – 110 cm, 140 cm – 160 cm, 225 cm
– 245 cm and 240 cm – 260 cm depth beneath the surface. Within each 20 cm horizon, clasts
composed of silica rich lithologies were selected from the outcrop until these clasts filled at
least half of a 2L ziplock bag. The vast majority of clasts sampled were chert pebbles.
Volcanic pebbles and cobbles, as well as the sand matrix of the deposit, were specifically
excluded, making these samples predominantly amalgamated chert pebble samples. A
second sample at 140 cm – 160 cm depth, RCF-P2-D2, was also collected (Appendix B).
This sample differs from the amalgamated chert samples, in that the sample consists of a
single softball-sized white chert cobble. All samples of this depth profile, as well as the
exposure sample, were crushed and sieved to select the 250 μg – 500 μg sized fraction.
Foothill Regional Park southern sample site: Deposit descriptions and sampling. In
Foothill Regional Park, a second offset landform was sampled on the southern side of Pond
B, a Q2C alluvial fan (Fig. 5). Here, a five sample 10Be depth profile, and one amalgamated
pebble exposure sample were collected from the small fan. The depth profile was collected
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Figure 5. Geochronologic Sampling at Foothill Regional Park Southern Sample Site.
This figure shows the locations of samples collected at the Foothill Regional Park slip
rate site on the near Pond B. A. shows a contoured elevation-shaded relief map of the
slip rate site. Gold stars show the sampling locations for the two deposits. LiDAR is
available through OpenTopography.org. B. shows a field photo of the exposure where
samples were collected from the Q2C deposit on the south side of Pond B. Five 10Be
depth profile samples and one exposure sample were collected at this location. Samples
are marked by blue circles.
from a face that was recently exposed during construction of the spillway for Pond B (Fig. 5).
To expose a fresh surface for sampling, a near vertical face was hand excavated from the side
of the spillway (Fig. 5). Sampling for the depth profile started from the lip of the spillway,
and continued down to 2 m below the surface of the deposit (Fig. 5). A tape measure was
laid over the surface of the outcrop to establish sampling intervals. Here, two full 2L ziplock
bags of both the clasts and matrix of the alluvial fan deposit were collected at each horizon.
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Sampling began at the bottom of the outcrop, so as not to contaminate lower samples with
sediment higher in the profile. Individual samples are described below.
A total of six samples were collected from the Q2C fan (Fig. 5). Five samples were
collected at depths of 20 cm – 40 cm, 40 cm – 60 cm, 80 cm – 100 cm, 150 cm – 170 cm, and
200 cm – 220 cm beneath the surface of the deposit, as part of the RCF-R3 depth profile.
One amalgamated pebble exposure sample was collected from the surface of the fan just
above the section of the outcrop where the depth profile was collected (Fig. 5). For the
surface sample, two bags of sediment were scraped from the top few centimeters of the
deposit. All samples were processed as bulk samples. The upper four samples, including the
surface sample, were crushed and sieved to select the 250 μg – 500 μg size fraction. For
RCF-P3-D and RCF-P3-E (Fig. 5), the grain sized range was widened to 150 μg – 1000 μg to
accommodate the very small amount of quartz in these samples. These two lowermost
samples were washed and sieved to begin quartz purification.
Geochronology: 10Be Sample Processing
Quartz Purification
Sediment samples, once crushed and sieved or washed and sieved, were subjected to a
range of chemistry lab techniques in order to purify the samples to clean quartz. Samples
were first leached in 50% hydrochloric acid (HCl) and hydrogen peroxide to remove iron
staining and carbonates. Next, samples underwent magnetic separation using an isodynamic
Frantz Magnetic Separator to remove any ferromagnetic and paramagnetic minerals. At this
point, some samples were subjected to froth flotation to remove feldspar grains. All samples
were ultrasonicated for ~16 hours in a 1% hydrofluoric acid (HF) solution at least three
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times. HF etching was able to remove any remaining accessory minerals and any meteoric
10

Be on the surface of the grains. During HF etching, samples that developed fluoride cakes

were leached for ~8 hours in ~10% Sodium Hydroxide, and then returned to another round of
HF etching. Persistently dirty samples were dried and abraded using a multi-tube vortex
mixer to remove weak mineral grains and amorphous silica, including chert, obsidian, and
petrified wood. To complete quartz purification, all samples were etched in a 1% HF
solution one final time, and then were soaked for several days in a 5% nitric acid (HNO 3)
solution. Samples were then rinsed in Milli-Q water, and dried in preparation for nuclide
extraction. Samples were considered clean based on visual inspection. Quartz purification
details for individual samples are included in Appendix A.
Nuclide Extraction and Accelerator Mass Spectrometry Analysis
Following quartz purification, all clean samples were next taken through the multi-step
process of nuclide extraction to isolate the beryllium in each sample. Samples were divided
into batches of up to nine samples. Each batch also included one process blank. Depending
on the quantity of available quartz in each sample, and the relative cleanliness of the quartz,
between 0.3 g and 25 g of quartz was selected for nuclide extraction. Approximately 250 μg
of Be carrier was added to each sample. Samples were completely digested in concentrated
hydrofluoric acid over several days at room temperature or at ~80°C, to speed the digestion
process.
After digestion, samples were transferred to beakers, dried-down, and then samples were
converted to chlorites. To move the sample from a fluoride matrix to a chloride matrix,
samples were dried down two additional times after adding 4 ml – 6 ml of 9N HCl to each
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sample. The resulting chloride solutions were then transferred to 15 ml centrifuge tubes and
9N HCl was added to each sample until a volume of 6 ml was reached.
Following the chlorite conversion, ion chromatography was used to extract Be from the
sample. All samples underwent anion column chromatography in 9N HCl, principally to
remove iron ions from the sample (Hunt et al., 2008; Corbett et al., 2016). At this point,
some batches of samples took a divergent path through the chemistry to accommodate
differences in sample mass and quartz cleanliness. Very small samples of ~1 g of quartz
proceeded directly to the final precipitation step. Very dirty samples underwent a controlled
precipitation as a hydroxide gel to remove excess ion load. All other samples were next
taken through the sulfate conversion.
Following anion chromatography, samples were converted to a sulfate matrix in
preparation for cation column chromatography, and to remove organics in the sample left by
the anion column resin. During this process, 2 ml of 1N sulfuric acid (H 2SO4) with trace
hydrogen peroxide (H2O2) was added to each sample and the samples were evaporated. To
convert samples to a sulfate form, they were then evaporated two more times in ~2 ml of
Milli-Q water with trace H2O2. Once in a sulfate form, 1 ml of additional 1N H2SO4 and
trace H2O2 was added to each sample. Each sample was then transferred to a 15 ml
centrifuge tube and was diluted to 6 ml with Milli-Q water. Finally, samples were vortexed
and centrifuged in preparation for cation column chromatography.
Cation column chromatography was used, following the sulfate conversion, principally to
remove boron and titanium from the sample (Ochs and Ivy-Ochs, 1997; Clifford et al., 2011).
During column chemistry, 6.5 column volumes of 1N H2SO4 plus trace H2O2 were used to
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reject titanium from the sample. Following this step five column volumes of 1N HCl were
added to collect the beryllium sample. To complete column chemistry, 1 ml of concentrated
nitric acid was added to each Be sample, to help volatilize any remaining boron, and samples
were evaporated to a bead of liquid on a hotplate.
To conclude the nuclide extraction process, samples were precipitated, dried down, and
converted to BeO. During the hydroxyl precipitation samples were precipitated, in order to
remove ions from the sample that do not coprecipitate with beryllium. To achieve this, 1 ml
of 1N HCl and 5 ml of Milli-Q water were added to each sample. Solutions were then
precipitated as BeOH by bringing each solution to between pH=8.5 and pH=9 with ~15%
ammonium hydroxide (NH4OH). Gels were then centrifuged and rinsed three times. The
resulting clean hydroxide gels were then dissolved in 3 drops of 6N HCl. Samples were then
transferred to quartz vials, and dried down on a hot plate. Finally, samples were converted to
beryllium oxide (BeO) in a muffle furnace at 850°C for 1 minute.
In preparation for AMS analysis, BeO samples were packed into targets. Samples were
mixed with niobium powder (Alfa Aesar Puratronic -325 mesh, 99.99%), in a ratio of 2:3 by
volume or 1:1 by mass to enhance beam currents (Hunt et al., 2006). Powders were next
pounded into stainless steel cathodes (#55 hole) designed for the CAMS ion sources (Hidy et
al., 2018). Cathodes were packed such that the sample reservoir was approximately half full.
All targets were measured at Lawrence Livermore National Laboratories by the Center
for Accelerator Mass Spectrometry using an accelerator mass spectrometer with a modified
Middleton high intensity cesium sputter ion source and HVEC Model FN Van de Graaff
accelerator (Hidy et al., 2018). Samples were measured under normal run conditions, such
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that they were sputtered for ~25 minutes each with omitted gaps and warm-up periods.
Standards were placed between groups of samples to quantify any beam current drift that
occurred during each run. Analyses were post-processed by LLNL-CAMS staff.
Geochronology: 10Be Data Processing and Landform Age Interpretation
Calculating Concentrations
To derive surface ages from 10Be data AMS ratios were used to calculate 10Be
concentrations for each sample. To do this, the quartz mass, the mass of Be carrier added to
each sample, and the carrier concentration were used to convert 10Be/9Be ratios to
concentrations of 10Be atoms per gram of quartz in a sample. This produced raw 10Be
concentrations, which were corrected for Be contamination during the wet chemistry
procedures using the process blank. For these samples, a method of blank correction was
used where individual process blank 10Be concentrations were calculated and subtracted from
sample concentrations in the corresponding batches (Balco, 2006) to produce final
concentrations. Changes in Be carrier, reagents, chemistry lab procedures, and lab air
cleanliness make the approach of subtracting a long-term average blank concentration
(Balco, 2006) inappropriate for this suite of samples.
Determining Exposure Ages
To determine exposure ages, the CRONUS-Earth online cosmogenic nuclide calculator
was used (https://hess.ess.washington.edu). This calculator uses the latitude, longitude,
elevation, thickness, density, topographic shielding factor, erosion rate, collection date and
10

Be concentration for each sample to calculate an exposure age for the sample. Version

3.0.2 of the calculator was used. The calculator presents three different age calculations for
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any given sample; age values and uncertainties from the LSDn calculator are in the results
section. This scaling scheme was chosen for calculating ages because it includes updated
production rate information (Borchers et al., 2016). A full list of parameters used to calculate
exposure ages are presented in Appendix B.
Depth Profile Age Interpretation
For the three 10Be depth profiles sampled, the depth profile calculator described in Hidy
et al. (2010) was used to calculate ages for the corresponding deposits. For these profiles no
model solutions exist within the 95% (2 sigma) confidence window, so the χ 2 values were
manually increased to determine depth profile solutions (Hidy et al., 2010). Since χ 2 values
were increased to accommodate the high degree of scatter in the profiles, a robust treatment
of uncertainty was not possible within the model, but the model could still be used to produce
a most probable age for each deposit (Hidy et al., 2010).
Site specific input parameters. Several site specific parameters influence site specific
10

Be production rates, causing the local production rate to differ from the reference

production rate. These include sample location, elevation, the orientation of the sampled
surface, the surrounding topography, and the amount of cover (Gosse and Phillips, 2001;
Appendix B). The sample location was collected in the field using a handheld GPS unit in
Universal Transverse Mercator, Zone 10 coordinates. Some points were mislocated by a
malfunctioning GPS unit, and were subsequently relocated to the correct landforms in
ArcMap. Sample coordinates were then converted to longitude and latitude, using an online
calculator (rcn.montana.edu/Resources/converter.aspx). Sample altitude for each exposure
sample, and the top of each depth profile, was estimated by using the identify tool in ArcMap
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to measure the elevation of the closest pixel to the sample location in the LiDAR digital
elevation model. These elevations were considered to be more accurate than elevations
derived from the (unreliable) GPS unit. The orientation of the sampled surface was also
estimated in ArcMap using the COGO report tool and the DEM derived slope map, as these
surface orientations were not collected in the field.
In addition to these factors, it is important to document factors that could shield a sample
from bombardment of high energy particles from outer space, such as high topography near
the sample site, or dense forest that could shade a sample (Gosse and Phillips, 2001; Balco et
al., 2008). Topographic shielding was measured in ArcMap. A DEM derivative slope map
was used to estimate the degree of shielding for each landform. Cover from trees was
estimated to be a factor of <1% at the field sites (Appendix B). A study by Plug et al. (2007)
of shielding by old growth forest in Nova Scotia produced a shielding factor of only ~2.3%.
As Sonoma County oak forests appear significantly less dense than that of Nova Scotia,
cover from trees was considered to be insignificant. Despite this, cover is an unquantified
source of uncertainty in this data interpretation, because forest cover could have been much
denser before western settlement, and the subsequent logging of Sonoma County.
10

Be production rate. To model depth profiles, it was important to quantify the 10Be

spallogenic and muogenic production rates at the field sites. To quantify the spallogenic
production rate of 10Be, the scaling scheme from Stone (2000) after Lal (1991) and an
updated reference production rate of 4.01 atoms per gram of quartz per year (Borchers et al.,
2016) were used. For muogenic production of 10Be, depth to muon fit was input to be ~1 m
higher than the sum of the depth of the sample profile and the modeled total erosion above
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the profile. As the three sampled profiles were 2 m – 2.5 m deep, this led to a depth to muon
fit of 2.5 m – 4 m (Appendix B).
Profile data. Depth profile 10Be concentrations and density data were input into the
model for interpretation. As scatter in the profile depth and concentration data was high,
profiles were screened to remove the most discordant data points. This made it possible to
determine the most probable profile solutions with the remaining data points. Bulk density
data were not collected in the field to accompany any of the three depth profiles. As a result,
soil density was estimated based on the density of an average soil profile. Density values of
2 g/cm3 – 2.5 g/cm3 with a stochastic uniform distribution were used (Appendix B).
Monte Carlo simulation parameters. Presented model solutions for 10Be depth profiles
are those with the lowest χ2 values achieved through multiple iterations. Final solutions are
calculated using 10,000 profiles. Boundary conditions for maximum age were determined by
the age of either one or more exposure samples collected directly above the depth profile, or
by a post-IR IRSL sample collected from an older deposit (Appendix B). Maximum age
values were, in this way, externally fixed and did not change with multiple iterations of the
model. Since maximum ages from 10Be exposure samples are not corrected for inheritance,
these ages were ultimately greater than the maximum age produced from modeled depth
profiles in this study. The minimum age bound for each depth profile was determined by the
probability density function output by the model. A stochastic uniform uncertainty was used
between these two end members (Appendix B).
Erosion Rate (cm/ka) was determined through multiple iterations of the model. To place
an upper bound for erosion rate while running the model, the maximum age and total surface
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lowering was used to calculate a possible maximum erosion rate. This allowed for
elimination of geologically unreasonable age and erosion rate combinations. Minimum
erosion rates were presented as the lowest possible positive values supported by probability
density functions. A stochastic uniform uncertainty was used between these two end
members (Appendix B).
Inheritance (atoms/gram) was determined through the depth profile calculator. Minimum
and maximum inheritance values are those supported by model probability density functions.
A stochastic uniform uncertainty was used between these two end members (Appendix B).
Unlike the previously described Monte Carlo simulation parameters, neutron attenuation
length was held as a fixed value with stochastic normal uncertainty. Global values of neutron
attenuation length support a value of 160 g/cm 2 ± 5 g/cm2 for 10Be in rock at a latitude of 38°
(Gosse and Phillips, 2001). Collectively, using these input parameters (Appendix B), the
Monte Carlo simulation produced depth profile solutions that were used in conjunction with
exposure ages and the post-IR IRSL age to interpret the age of the three deposits analyzed in
this study.
Geochronology: Post-IR IRSL Dating
To better constrain the age of the deposit on the northern side of Pond B in Foothill
Regional Park, one post-IR IRSL sample was collected from this outcrop in addition to the
10

Be samples (Fig. 4). The sample, 19-RCF-05, was collected from below the 10Be depth

profile (Fig. 4) in an underlying fine sand deposit. The face of the outcrop was hand
excavated at this elevation to remove clasts that had eroded from higher sediment layers.
Some small roots were observed at this elevation in the outcrop, leading to some possibility
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for bioturbation at the horizon of this sample as well as that of higher samples in the profile.
This sample was collected by hammering a brass tube into the outcrop using a slide hammer.
The ends of the tube were capped to ensure that the sample would remain securely in the
tube. Finally, the sample was shipped to UCLA for sample processing and analysis.
Slip Rate Assessment
Final slip rate calculation required quantification of fault offset and landform age from
field observations in combination with mapping and age interpretations. The specifics
through which these parameters were quantified are described below.
Fault Offset Quantification
Offsets were identified and measured from completed Quaternary geologic maps.
ArcGIS and Adobe Illustrator were used to interpret the geometry of fault offsets and to
correlate offset landforms. Adobe Illustrator was used to slice the map along an active fault
zone, to assess the geometry and offsets. Once correlative landforms were identified, parallel
lines were placed to approximate their position on either side of the fault (Fig. 6). This is a
likely simplification of the original geometry, but the uncertainty is judged to not be
significant at the scale of offset measured. It also allowed the distance between offset
features to be measured with the measure tool in ArcMap and allowed for features that no
longer immediately abut the fault to be extrapolated to the fault trace. These distances, in
combination with determined landform ages, were then used to calculate final slip rates for
each site.
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Figure 6. Shiloh Ranch Regional Park Site Fault Offset Measurements. This figure
shows the technique used to measure minimum and maximum fault offsets using the
ArcMap measure tool. Linear features were projected to the fault trace using parallel
lines features. The measure tool was then used to measure the distance between the two
lines to the nearest meter.
Landform Age Interpretation
Collectively, raw dates from 10Be depth profiles, post-IR IRSL samples, and 10Be
exposure samples were used to determine final ages for each landform. Through using
multiple dating techniques, higher confidence ages could be produced. The resulting
landform age was then used to calculate a slip rate for each deposit.
Age information was provided for the Qt4 terrace in Shiloh Ranch Regional Park by 10Be
exposure data and a 10Be depth profile (Fig. 3). For this deposit, the exposure age is defined
by a weighted average between the two surface samples, a cobble and an amalgamated
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pebble sample collected on the surface of the deposit (Fig. 3). Since this exposure age is not
corrected for inheritance, the most probable minimum, maximum, and mean ages for the
terrace are interpreted using the depth profile calculator (Fig. 3).
Maximum and minimum age constraints for the deposit to the north of Pond B in Foothill
Regional Park (Fig. 4) were provided by post-IR IRSL data and a single 10Be surface
exposure sample. Here, the post-IR IRSL sample was used to provide a maximum age for
the Qt7 terrace because it was collected in an underlying fine sand deposit, which is the ideal
material for post-IR IRSL dating.
Maximum and minimum age constraints for the Q2C deposit to the south of Pond B in
Foothill Regional Park (Fig. 5) were provided by a 10Be exposure age and a 10Be depth
profile. For this deposit, an exposure age, which is not corrected for inheritance, is
constrained by a single amalgamated pebble sample collected adjacent to the depth profile.
Age interpretations for the landform are based on results from depth profile simulations. As
the exposure sample was used to constrain the maximum age threshold, it was not included in
depth profile solutions.
Slip Rate Calculation
Slip rates were calculated using Richard Styron’s Slip Rate Calculator (Styron, 2015) in
Anaconda3-2.4.0. Age and offset results were converted to boxcar distributions using the
minimum and maximum values. This was done for age results because this python calculator
lacks the sophistication to accept the non-normal probability density functions output by the
depth profile calculator. Slip rates were calculated with 10,000 iterations of the Monte Carlo
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simulation. Calculations were performed using a linear fit, with zero offset at the time of
deposition. The offset distance was forced to be increasing.
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RESULTS
In the study area, between the latitudes of ~38° 30’ and ~38° 35’, the northern Rodgers
Creek Fault is composed of a series of sub-parallel and overlapping fault strands (see
oversized material, Plate 1). Fault strands roughly trend ~330º (see oversized material,
Plate 1). Tectonic geomorphic features, such as bends and stepovers, linear valleys and
ridges, and beheaded and deflected streams, are most pronounced along the most westerly
fault strand, suggesting that recent fault activity is localized on this fault strand, adjacent to
the western edge of the Mayacamas Mountains. Field observations and mapping along the
northern Rodgers Creek Fault show displacement of at least three eras of alluvial fans
(Q1 – Q3) as well as multiple fluvial terraces (Qt1 – Qt7) and modern stream deposits, Q4
(see oversized material, Plate 1). Mapping of these faults and adjacent Quaternary deposits
allowed for the reconstruction of offset units across the fault. In this study, Quaternary slip
rates were estimated at two sites along the northern Rodgers Creek Fault, near Windsor, CA
at Shiloh Ranch Regional Park (Site 1) and Foothill Regional Park (Site 2). Slip rates are
based on the reconstruction of mapped offset landforms and 23 geochronologic samples: 22
in situ cosmogenic 10Be samples and one post-IR IRSL sample, as described below.
Quaternary Mapping and Unit Classification
Fault Mapping
Creating geomorphic maps required both classification of Quaternary units in the field
area, and the identification of all active fault strands within this ~10 km long section of the
northern Rodgers Creek Fault. To map the active faults, subtle trends in tectonic
geomorphology were identified. Near Windsor, the northern Rodgers Creek Fault shows
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well-preserved tectonic geomorphic features including linear ridges and valleys (Fig. 7F),
shutter ridges (Fig. 7D), modified paleochannels (Fig. 7C), offset fan lobes and terraces,
deflected (Fig. 7D) and beheaded streams (Fig. 7E), changes in rock type, and breaks in slope
(Fig. 7A and 7B). Tectonic geomorphic features were located both in the field and through
image interpretation of LiDAR contoured shaded-relief maps. By connecting short fault
segments defined by individual geomorphic markers, it was possible to establish fault traces
across the study area. Faults were mapped both in the field and from LiDAR image
interpretation. Faults mapped only from LiDAR image interpretation are marked with a
dashed line, as these faults are lower confidence than those mapped in the field.
Description of Quaternary Map Units
In this study area, faults have displaced at least three distinct generations of alluvial fan
deposits as well as fluvial terraces and modern stream deposits. Quaternary alluvial fan units
are defined from oldest to youngest as Q1 – Q4, where Q4 (Fig. 8) are modern stream
deposits and Q1 – Q3 (Fig. 8) are alluvial fan deposits. Alluvial fan units are subdivided
based on topographic signatures, such as slope steepness, the width and roundedness of ridge
tops, and the elevation of the deposits (Fig. 8). Based on these characteristics, Q1, Q2, and
Q3 fans can be further subdivided based on subtleties, such as small breaks in slope, changes
in elevation, and the degree of hillslope rounding and steepness. In this region, fans are
classified as geomorphically older than adjoining deposits if they are steeper, higher, and
more modified by slope processes. Here, younger fans are lower in elevation and incised
into geomorphically older fans (Fig. 8). Additional geochronology would be needed to
determine if relative geomorphic age correlates to the true age of these deposits.
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Figure 7. Geomorphic Expression of Strike Slip faults. This figure shows examples of
geomorphic features used to identify active fault strands within Foothill Regional Park.
A. and B. show field photos of breaks in slope caused by active faulting. C. shows a
field photo of a channel that has been truncated by slip along the fault. This channel
now also contains a small reservoir and is dammed at its eastern end. D. shows a bareearth LiDAR map of a section of the northern Rodgers Creek Fault. Red lines show
mapped faults. Yellow arrows show the locations of the features in the six field photos.
Examples of fault stepovers, fault bends, and deflected streams are also shown on the
map. LiDAR is available through OpenTopography.org. E. shows a field photo of a
beheaded stream. The photo is taken from the eastern end of the channel, adjacent to
the fault, and is looking down the stream channel. F. shows a field photo of a linear
valley, bordered by two linear ridges. G. shows a stream channel that is undergoing
headward erosion towards the fault.
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Figure 8. Alluvial Fan Map Unit Criteria. This figure shows examples of Q1, Q2, Q3,
and Q4 deposits, shown using a range of different DEM derivatives, which were used to
identify these features in the field. A-D. show schematic topographic profiles of the four
types of deposits. E-H. show the mapped extent of each example deposit that is shown
in the rows below. I-L. show bare-earth LiDAR images of the four features. M-O.
show longitudinal profiles of the Q1–Q3 deposits. P-S. show topographic profiles of the
four units that are orthogonal to the longitudinal profiles. The location of these profiles
are shown in I-L. T-W. show aspect-shaded relief maps of the four landforms. X-AA.
show slope shaded relief maps of the four landforms. In totality landforms increase in
slope steepness and decrease in roundedness from Q4 to Q1, as they increase in relative
geomorphic age.
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Q1 alluvial fans. As defined from field mapping and LiDAR image interpretation, Q1
deposits (Figs. 8 and 9) are the geomorphically oldest fan deposits, and the most exhumed
deposits. These landforms are at highest elevation, are the most incised by streams, and are
the most dissected by hillslope processes. They have the greatest range in elevation from
~60 m to ~180 m above sea level (see oversized material, Plate 1) in the northern part of the
study area, but increase to as much as ~260 m in Shiloh Ranch Regional Park (see oversized
material, Plate 1). Q1 fans are the steepest units, showing precipitous ridge and ravine
topography, with steep narrow canyons and an overall rugged, high-relief appearance (Figs. 8
and 9). Deposits rarely have horizontal or rounded upper surfaces, but instead show narrow
ridges at their highest extent (Fig. 9). This ridge and ravine topography has an almost
“crinkly” appearance in LiDAR image interpretation, as opposed to smoother
geomorphically younger deposits. Of all the mapped units, only Q1 deposits show triangular
facets (see oversized material, Plate 1). Typically, Q1 fans are obscured by mixed oak, bay
laurel, and conifer forest (Fig. 9). Q1 units are further differentiated into Q1A, older, and
Q1B, younger, units based on subtle breaks in slope, and the relative angularity of the
topography. Q1A deposits are only found in Shiloh Ranch Regional Park, where long ridges,
and steep slopes exhibit high relief topography (see oversized material, Plate 1). Q1B fans
are more extensive and slightly lower in elevation than Q1A deposits, forming much of the
high topography in the study area (see oversized material, Plate 1).
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Figure 9. Q1B Alluvial Fan Examples. This figure shows two examples of landforms
mapped as Q1 deposits, with their highly incised ridge and ravine topography. A. and
B. show the mapped extent of units using LiDAR available through
OpenTopography.org. Gold stars show the approximate locations from which the
adjoining field photos were taken. The letters inside the stars refers to the
corresponding field photos. C. and D. show field photos of the same landforms with
annotations showing the mapped geology. D. shows a sidelong view of a Q1B deposit.
E. shows a field photo taken of the same deposit looking along the ridge of the deposit.
Here, the width of the ridge is only slightly wider than the fire road built along the
ridgeline.
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Q2 alluvial fans. Q2 alluvial deposits (Fig. 10) are less exhumed, are lower in elevation
and show more subdued topographic relief than Q 1 alluvial fans (Fig. 8). These
geomorphically younger deposits range in elevation from ~50 m to ~145 m above sea level
(see oversized material, Plate 1). They have a rounded, dome-like, or undulating appearance,
showing undulating ridgelines, as opposed to the more craggy Q1 deposits. Although they
still have incised steep sided valleys, Q2 upper surfaces are either rounded, or occasionally
show preserved horizontal upper surfaces, as in Foothill Regional Park.

Figure 10. Q2A Alluvial Fan Example. This figure shows an example of a Q2A fan. A.
shows the fan extent as mapped on a bare-earth LiDAR shaded relief map derived from
LiDAR data available through OpenTopograph.org. This slightly rounded deposit is
also visible in the field photo in B. This photo was taken from slightly north of the map
extent of A.
Q2 units are further differentiated into four units: oldest Q2A deposits, Q2B deposits,
Q2C deposits, and youngest Q2D deposits (see oversized material, Plate 1). This
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differentiation is based on subtle breaks in slope, and the degree of roundedness of hill
slopes. Q2A fans have rounded upper surfaces, but have steep sides where the deposits are
truncated by stream channels (see oversized material, Plate 1). Q2B alluvial fans are also
high relief features, but are rounded over the entire surface, showing a more dome-like
appearance (see oversized material, Plate 1). Small breaks in slope often mark the contact
between Q2A and Q2B deposits. Q2C deposits are typically found along the range front of
the Mayacamas Mountains (see oversized material, Plate 1). These deposits have a lobate
form, as they appear to have experienced less modification from stream incision than
geomorphically older Q2 fans (Fig. 10). Q2D fans also mostly outcrop on the western edge
of the Mayacamas Mountains (see oversized material, Plate 1). These small fans are the
most morphologically fan-like of the Q2 deposits. Typically Q2D fans are still connected to
a small source drainage that could supply sediments to the fan (see oversized material,
Plate 1). Unfortunately, the gentle, wide, and subtly curving tops of Q2C and Q2D fans are
ideal for construction sites. As a result, they often show extensive anthropogenic
modification or have been entirely removed. In some parts of the study area, as in Middle
Earth Farm and Notre Vue Winery (Fig. 2), Q2A – Q2D fans have also been extensively
modified by winery development and no longer show their natural geomorphology (see
oversized material, Plate 1).
Q3 alluvial fans. Q3 alluvial fan (Figs. 8 and 11) units are the geomorphically youngest
alluvial fan deposits in the study area, and are typically found spread out over the flood plain
of the Windsor basin from the range front of the Mayacamas Mountains (see oversized
material, Plate 1). They are also found on the flat bottoms of wide channels, and issue from

48

Figure 11. Q3 Alluvial Fan Example. This figure shows an example of Q3 fan surfaces.
A. shows the mapped extent of gently sloping Q3 fans deposited in a wide flat-bottomed
channel, as mapped on LiDAR available through OpenTopography.org. The gold star
shows the location from which the field photo was taken. B. shows a field photo of one
of these fans. The green arrow points to the fan in A., where the photo was taken. Like
many Q3 fans in this study area, these appear to have experienced some degree of
anthropogenic modification.
the channel walls (Fig. 11; see oversized material, Plate 1). These deposits are most
morphologically fan-like of all the fan deposits (Fig. 11), as they are least modified by slope
processes and are likely still forming. On the flood plain of the Windsor basin these low
topographic relief features, with their gentle slopes, wide, flat, and subtly curving tops, have
also been dramatically modified by construction (Fig. 11). Many of the original Q3 fans
have likely not been mapped due to extensive anthropogenic modification. Q3 fans are
differentiated from Quaternary terraces and floodplain deposits, as they are gently sloping,
not horizontal, and have a lobate form (Fig. 11; see oversized material, Plate 1). These fans
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are typically below ~50 m above sea level (see oversized material, Plate 1). The Q3 fan unit
has not been subdivide in this study.
Q4 modern stream deposits and quaternary terraces. Active stream channels are
mapped as Q4 deposits (Figs. 8 and 12). These channels and bars experience seasonal stream
flow and are identified by their narrow, steep sided anastomosing forms (Fig. 8), and
seasonal active stream flow. In LiDAR image interpretation, Q4 deposits are only mapped
when channel walls are visible at the ~1 m resolution of available LiDAR. Some
anthropogenically modified channels are also mapped as Q4 deposits since they are part of
the modern drainage network and because many modern stream channels have experienced
some degree of anthropogenic modification. In the 1:10,000 scale section of the map, the
channel deposits are too small to map and are represented by the drainage lines, but in the
1:1000 scale map insets, modern stream channels are mapped as polygons, as these features
are visible as areas at larger scale (see oversized material, Plate 1).
Where present, Qt (Fig. 12) or Quaternary terrace deposits are mapped in both ancient
and modern stream channels. These deposits have flat upper surfaces, and steep to vertical
sides where they have been truncated by stream incision. Mapped terraces are bounded by
the channel walls of the channel in which they were deposited on one edge, and by a modern
stream channel or terrace riser on another edge (Fig. 12). Several elevations of terraces are
present within the study area (Fig. 12). Here, the fluvial terrace naming convention is
structured Qt1– Qt7 where Qt1 is the youngest, lowest elevation terrace that locally defines
the modern flood plain. Qt7 is the oldest terrace that is perched highest above an active
stream. Although subtle in LiDAR, Qt1– Qt7 are all visible in Figure 12C. Note that the
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Figure 12. Stream Channel (Q4) and Terrace (Qt) Examples. This figure shows four
examples of Qt and Q4 deposits with their corresponding field photos. A., B., D., and E.
show field photos of four locations where Quaternary terraces (Qt) and stream channels
(Q4) are preserved in the field. The channels in these photos are roughly 2 m – 4m
wide. C. shows the mapped extent of these deposits, as mapped on a bare-earth LiDAR
shaded relief map, derived from LiDAR data available through OpenTopograph.org.
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numbering above the modern drainage reflects relative terrace age within a given drainage
and does not imply correlation between drainages. A general combined Qt terrace unit is
also mapped, which includes the expansive floodplain for the Windsor Basin, and other large
flat areas of Quaternary alluvium (see oversized material, Plate 1). As the geomorphic
difference between Q3 fan deposits and floodplain deposits are very subtle, especially where
anthropogenically modified, contacts between these two units are inherently low confidence.
Shiloh Ranch Regional Park Site
The Shiloh Ranch Regional Park site is located in a deflected channel (Figs. 6 and 13).
Here, the northern Rodgers Creek Fault bifurcates into several fault strands, through a series
of left steps (Fig. 13). In the deflected channel, the western strand is interpreted to be the
most active strand and is the focus of the slip rate estimation in this study (Figs. 6 and 13).
Smaller strands, that splay from this strand to the east, cause a gentle warping of terrace
surfaces inside the channel, but do not appear to produce large horizontal offsets. Other
strands of the zone (Fig. 13) appear to be less continuous and likely contribute lesser amounts
of slip. Offset reconstructions are based on cross-cutting relationships with the mapped Qt4
terrace in the channel, preserved downstream of the fault.
Although the ~1 m resolution of available LiDAR was insufficient to produce a detailed
map of the terraces within this channel, four groups of terraces, Qt1 – Qt4, were identified in
the field, based on their relative elevations from the channel bottom (Fig. 13). These terraces
are shown in the site map (Fig. 13B). From field observations, it appears that the Qt3 and
Qt4 terraces have experienced some degree of offset. Offset of the Qt3 terrace is observed
from warping of the surface of the Qt3 terrace on the south side of the stream, and from small
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Figure 13. Shiloh Ranch Regional Park Slip Rate Site Overview. A. shows the
Quaternary geology overlain on a hill-shaded relief map. In this area, the fault zone
marks the transition between steep high relief topography of the Q1A deposits to the
east and the gently sloping Q3 alluvial fans to the west, which spread out along the flat
floodplain of the Windsor Basin. B. shows a larger scale map of the deflected channel
where a Holocene slip rate for Shiloh Ranch Regional Park was estimated. The
western, most continuous strand is interpreted to be the principal locus of slip. C.
shows a field photo of the deflected channel with overlain geology. This photo shows
the position of the offset Qt4 terrace and the fault within the deflected channel. Labels
show the locations of deformed terraces that were used to identify the locations of active
fault strands within the fault zone. The width of the modern stream channel in this
photo is ~2m. In all three figures, gold stars show the locations where 10Be samples
were collected. LiDAR data is available through OpenTopography.org.
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deflections in the terrace riser (Fig. 13). Further evidence of Qt3 deformation was observed
on the north side of the stream adjacent to the location at which the three center faults cross
the stream channel (Fig. 13B). A ~1 m step in the surface of this Qt3 terrace, not visible in
LiDAR, is interpreted to be a fault scarp, suggesting that this terrace also predates faulting.
The Qt4 terrace is interpreted to be offset based on the geometry of the channel. Although
the fault is represented by a single line on the map, the steep slope immediately east of the
terrace is likely a modified fault scarp, suggesting that the Qt4 terrace is truncated by the
fault. In contrast to previous mapping by Swan et al. (2003), this study interprets that the
terraces upstream of the fault do not correlate with the Qt4 terrace located downstream of the
fault.
Shiloh Ranch Regional Park Geochronology
To constrain the timing of fault offsets at the Shiloh Ranch Regional Park site, two
landforms were dated using in situ cosmogenic 10Be dating. In total, eight in-situ
cosmogenic 10Be samples were collected: three exposure samples and five depth profile
samples (Table 1). A single surface chert cobble was used to constrain the age of the Q3
alluvial fan, which issues from the mouth of the offset channel. This clast, RCF-S5 (Fig. 13,
Table 1), yielded an exposure age of 59.7 ka ± 5.4 ka. This age is not corrected for
inheritance. Although a single exposure sample cannot provide a robust age for the entirety
of a fan deposit, the apparent antiquity of this single clast, when compared with the younger
terrace ages presented below, suggests that the Q3 alluvial fan does not share a common
depositional history with the younger terraces inside the channel and so should not be used as
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Table 1. 10Be Geochronologic Results
Deposit

Sample ID CAMS ID Sample Type

9

[10Be]1
(10 atoms/g)

Qtz
mass

Be
spike

(g)

(µg)

µ

±σ

µ

±σ

6.08E-16
4.63E-16
6.46E-16
5.14E-16
3.68E-16
4.26E-16
4.28E-16

3.3
4.2
4.9
4.0
3.8
4.1
5.0

0.2
0.2
0.3
0.3
0.2
0.2
0.2

10

Be/9Be

4

Exposure Age
(ka)
±σ
±σ
µ
(int) (ext)
10.7 0.7
0.9
13.6 0.7
1.1

Shiloh
Ranch
Regional
Park Qt4
Terrace

RCF-S1
RCF-P1-S
RCF-P1-A
RCF-P1-B
RCF-P1-C
RCF-P1-D
RCF-P1-E

BE47371
BE48257
BE48258
BE48259
BE48260
BE48261
BE48262

Exposure
Exposure
Depth Profile
Depth Profile
Depth Profile
Depth Profile
Depth Profile

4.15
3.18
3.11
2.35
2.43
3.38
2.91

253
238
238
236
240
242
241

1.13E-14
9.74E-15
1.10E-14
7.38E-15
7.14E-15
9.93E-15
1.04E-14

Shiloh
Ranch RP
Q3 Fan

RCF-S5

BE48766

Exposure

1.02

282

1.18E-14 7.82E-16 20.29

1.37

59.7

4.1

5.4

RCF-P2-S
RCF-P2-A
RCF-P2-B
RCF-P2-C
RCF-P2-D
RCF-P2-D2
RCF-P2-E
RCF-P2-F
RCF-P3-S
RCF-P3-A
RCF-P3-B
RCF-P3-C
RCF-P3-D
RCF-P3-E

BE48270
BE48271
BE48765
BE48263
BE48168
BE48169
BE48264
BE48170
BE48272
BE48265
BE48273
BE48274
BE48768
BE48275

282
281
282
240
240
236
241
238
281
240
279
281
281
285

6.00E-14
4.58E-13
4.95E-15
4.98E-14
3.60E-15
3.38E-14
1.22E-13
5.13E-15
7.24E-14
7.41E-14
3.38E-14
4.65E-14
4.00E-14
5.11E-14

0.7
2.2
1.3
0.8
1.6
1.6
0.3
1.2
0.4
0.3
0.5
0.3
0.3
0.3

73.8

2.3

5.0

51.3

1.1

3.3

Foothill
Regional
Park Qt7
Terrace

Foothill
Regional
Park Q2C
Fan

Exposure
4.43
Depth Profile 7.61
Depth Profile 0.48
Depth Profile 2.91
Depth Profile 0.3046
Depth Profile 0.8947
Depth Profile 11.07
Depth Profile 0.4038
Exposure
7.56
Depth Profile 6.77
Depth Profile 4.42
Depth Profile 7.71
Depth Profile 7.03
Depth Profile 8.95

1.65E-15 24.7
8.15E-15 112.5
3.61E-16 16.2
1.38E-15 26.7
3.18E-16 16.6
9.30E-16 58.7
1.96E-15 17.5
3.10E-16 18.4
1.37E-15 17.5
1.38E-15 17.2
9.95E-16 13.4
9.97E-16 10.9
9.19E-16 10.2
1.31E-15 10.5

This table shows in situ cosmogenic 10Be geochronologic results from both Foothill and Shiloh Ranch
Regional Parks. 10Be/9Be ratios and their respective uncertainties were measured at the AMS facility at
the Center for Accelerator Mass Spectrometry, Lawrence Livermore National Laboratory. Samples and
blanks were normalized using the AMS KNSTD 3110 primary standard. Blank corrected concentrations
were used to calculate exposure ages with CRONUS online exposure age calculator (Balco et al., 2008)
using LSDn scaling (version 3; wrapper/get_age 3.0.2; muons 1A α=1; consts 2020-08-26). Symbols: µ
denotes the mean value, σ denotes standard deviation, σ (int) denotes internal uncertainty, σ (ext) denotes
the external uncertainty.

part of the offset reconstruction. Since this deposit could not be included, it’s likely that
some amount of slip partitioned onto the range front fault is not captured by the fault
reconstructions at this site.
Approximately 50m upstream, seven in-situ cosmogenic 10Be samples were collected at
this site to constrain the age of the offset Qt4 fluvial terrace (Fig. 14, Table 1). Two 10Be
exposure samples and one 10Be depth profile, containing five samples, were collected from
the fluvial terrace to constrain the maximum and minimum age of the terrace (Table 1,
Appendix C). Figure 14 shows concentration versus depth for all seven samples. Two
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Figure 14. Shiloh Ranch Regional Park Qt4 Terrace 10Be Concentrations and Terrace
Mean Surface Age. This figure shows raw geochronologic results from all the 10Be
samples collected from the Qt4 terrace at Shiloh Ranch Regional Park. A. shows 10Be
concentrations with respect to depth for all the in situ cosmogenic 10Be exposure and
depth profile samples. The dashed green line at 127 cm depth marks a finer grained
layer in the terrace that could be the top of a second deposit in the terrace. B. shows an
IsoplotR (Vermeesch, 2018) weighted mean exposure age for the terrace, calculated
from the two 10Be exposure samples, which were collected from the surface of the
terrace. The IsoplotR (Vermeesch, 2018) calculator is available at
https://www.ucl.ac.uk/~ucfbpve/isoplotr/home/index.html.
exposure samples were used to constrain the maximum surface age of the terrace. A single
surface tuff cobble, RCF-S1, yielded an exposure age of 10.7 ka ± 0.9 ka (Table 1). An
amalgamated gravel sample, RCF-P1-S, yielded an exposure age of 13.6 ka ± 1.1 ka
(Table 1). These two samples yielded a IsoplotR (Vermeesch, 2018) weighted mean age of
11.9 ka ± 0.4 ka (Fig. 14) for the exposure age of the terrace surface. This age is not
corrected for inheritance.
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A five-sample in situ cosmogenic 10Be depth profile was used to constrain the most
probable age of the fluvial terrace (Fig. 14, Table 1). Only the upper four samples were
included in the depth profile simulations because changes in grain size in the deposit suggest
that there is a stratigraphic unit contact at 127 cm depth. As the fifth and lowermost sample
was collected below this horizon, it is likely that it was collected from an older deposit
(Fig. 15). This fifth sample, collected at 190 cm depth, yielded higher 10Be concentrations
than all four overlying samples (Fig. 14, Table 1).

Figure 15. Shiloh Ranch Regional Park Qt4 Depth Profile 10Be
Concentrations vs. Depth. This figure shows 10Be concentration
with respect to depth for the upper four depth profile samples
collected at Shiloh Ranch Regional Park. The plot shows the
10
Be concentrations with their respective uncertainties. Red
curves show best fit depth profile solutions.
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The depth profile model produced a minimum age of 3.2 ka, a mean age of 5.2 ka, and a
maximum age of 7.9 ka, with a χ2 value of 5 (Fig. 16, Table 2). Here erosion rates between 0
cm/ka and 0.6 cm/ka were supported by this model (Fig. 16, Table 2). In the model a
maximum surface lowering threshold of 2 cm was used (Fig. 17). Field observations of soil
development support the conclusion that the surface is young and therefore little to no
surface lowering has occurred. This depth profile models suggest significant inheritance of
10

Be concentrations from hillslope residence of 3.2 x 104 atoms/g quartz – 3.9 x 104 atoms/g

quartz (Table 2, Fig. 16)
Table 2. 10Be Depth Profile Solutions
Shiloh Ranch Regional Park Qt4 Terrace

Mean
Median
Mode
Lowest 
Maximum

Age
(ka)
5.2
5.1
4.2
5.7
7.9

Inheritance
(104 atoms/g)
3.54
3.55
3.65
3.56
3.85

Denudation rate
(cm ka-1)
0.20
0.19
0.10
0.07
0.58

Minimum

3.2

3.22

0.00

Foothill Regional Park Q2C Fan

Mean
Median
Mode
Lowest 
Maximum
Minimum

Age
(ka)
28.8
28.7
28.9
31.2
35.7
24.2

Inheritance
(104 atoms/g)
8.91
8.90
8.89
9.07
9.64
8.39

Denudation rate
(cm ka-1)
0.17
0.17
0.20
0.15
0.38
0.00

Summary of age, inheritance, and denudation rate statistics derived
from simulating 10Be concentrations. Depth profile solutions were
calculated using the depth profile calculator in Hidy et al. (2010).
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Figure 16. Shiloh Ranch Regional Park Qt4 10Be Depth Profile
Model Probability Density Functions. This figure shows
probability density functions of terrace age, erosion rate, and
inheritance for the upper four depth profile samples collected at
Shiloh Ranch Regional Park. Depth profile solutions were
produced using the Monte Carlo simulation described in Hidy et
al. (2010). When running the simulation with 0 cm – 2 cm of
surface lowering, best fit solutions produced a model age of 3.2 ka
– 7.9 ka for this terrace.
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Figure 17. Shiloh Ranch Regional Park Qt4 10Be Depth Profile
Model Age vs. Erosion Rate. This figure shows model age with
respect to erosion rate for the upper four depth profile samples
collected at Shiloh Ranch Regional Park. The black curve
describes the erosion threshold of 2 cm of surface lowering, for
depth profile solutions were produced using the Monte Carlo
simulation described in Hidy et al. (2010). Best fit solutions
produced a model age of 3.2 ka – 7.9 ka for this terrace.
Shiloh Ranch Regional Park Magnitude of Fault Offset
At Shiloh Ranch Regional Park, several features were reconstructed along the deflected
stream to estimate displacement across the fault over the timescale of the dated Qt4 terrace.
Minimum and maximum offsets of 18 m and 45 m, respectively, are defined by
reconstructing a Q1A bedrock channel wall and the modern stream channel, adjacent to the
Qt4 terrace, across the primary fault strand. Since no Qt4 terrace is present east of the fault,
features older and younger than the terrace, according to cross-cutting relationships, are used
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to constrain the likely geometry of the channel at the time of Qt4 deposition. Since the
geometry of the channel, and it’s associated floodplain, at the time of Qt4 deposition is
unknown, the following reconstructions are used to constrain the degree of offset in the
channel at the time of deposition.
The minimum offset distance of 18 m for the Qt4 terrace is provided by reconstructing
two segments of the modern stream channel across the primary fault (Fig. 18B; see oversized
material, Plate 2). Downstream, the modern stream is directly incised into the Qt4 surface
and shows a fault perpendicular sub-linear trend for several meters as it flows past the terrace
(Fig. 18). For the offset reconstruction this trend is extrapolated directly to the fault
(Fig. 18). In this reconstruction, the downstream extrapolated segment is connected to the
point where the upstream modern channel crosses the fault (Fig. 18). Although other
reconstructions are possible, this study interprets that this is the preferred minimum
reconstruction because it aligns the two stream segments using their closest point of
connection across the fault. Reconstruction of the modern stream channel provides the
minimum channel offset geometry at the time of deposition of the Qt4 terrace since the
stream is incised into the terrace and is therefore younger than the terrace. The bend in the
channel has increased through time due to continued fault offset and diversion of the modern
stream channel along the shutter ridge.
The maximum offset reconstruction of 45 m reconstructs two steep bedrock (Q1A)
channel walls across the fault, as marked by the white dashed line in Figure 18C (Fig. 18C;
see oversized material, Plate 2). Reconstruction of the Q1A bedrock channel wall provides
the maximum offset for the terrace since the Qt4 terrace is inside the channel and is therefore
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Figure 18. Shiloh Ranch Regional Park Fault Reconstructions. A. shows mapped
geology overlain on a bare-earth LiDAR shaded relief map of the site. B. shows the
minimum reconstruction of 18 m for the Qt4 terrace. C. shows the maximum
reconstruction of 45 m for the Qt4 terrace. In all three figures, the gold star shows the
location from which 10Be samples were collected. The dashed white line shows the
geometry of the fault reconstructions. A legend for these maps can be found on Plate 1
(see oversized material). LiDAR data is available through OpenTopography.org.
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younger than the channel. The reconstructed channel walls are on the northern side of the
deflected stream, which holds the Qt4 terrace, and are present upstream and downstream of
the stream deflection (Fig. 18). The distance of 45 m between these two channel walls
represents the total offset of the channel that holds Qt4 and therefore is the maximum
possible offset at the time of Qt4 deposition. The ~30 m of total stream incision in this
channel suggests that the channel itself could be considerably older than the Holocene Qt4
terrace. As a result, this maximum offset could be significantly larger than the true Qt4
offset. For this reason, the minimum reconstruction is also the preferred reconstruction for
this site.
Shiloh Ranch Regional Park Slip Rate Maximum and Minimum Offset Model
At this site, the age and offset relationships described above are used to develop a
conceptual model for deposition and offset of the Qt4 terrace (see oversized material, Plate 2,
Figs. A – D). In this model, two end member solutions are presented by which deposition of
new terraces, faulting, and stream incision could have produced the modern configuration of
the offset Qt4 terrace at this site. In either model, the earliest stage of landscape development
would have been for a stream to incise into the Q1A deposit, forming a stream channel with a
steep channel wall on the northwest side of the stream (see oversized material, Plate 2,
Fig. A). Eventually, continued stream incision and channel processes would have led to the
deposition of the fluvial gravels of the Qt4 terrace. This terrace was deposited between 3.2
ka – 7.9 ka (Figs. 15 – 17, Table 2). Since the geometry of the Qt4 terrace is unknown at the
time of its deposition, two end members solutions are shown in Plate 2 (see oversized
material), Figure B and C. Plate 2 (see oversized material), Figure B shows the maximum
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offset scenario. To maintain dextral slip of the channel, no more than 45 m of offset can be
restored at the time of deposition without disconnecting the downstream channel from its
source drainage. Plate 2 (see oversized material), Figure C shows the minimum offset
scenario. In this case, only 18 m of slip is restored at the time of deposition. This offset
distance is bracketed by the geometry of the modern stream, as shown in Figure 18. In
either, case the terrace would have formed as a wide flat flood plain in the channel bottom,
that was later abandoned by continued stream incision. Following deposition of the Qt4
terrace, continued faulting offset the terrace, while continued down cutting, deposition, and
incision of younger terraces (Qt3 – Qt1) likely eroded most of the original terrace away.
These concurrent processes eventually formed the modern configuration of terraces in the
channel, as shown in Plate 2 (see oversized material), Figure D. Today, continued faulting
leads to ever greater displacement of the Qt4 terrace.
Shiloh Ranch Regional Park Slip Rate
Combining the offset and age results at the Shiloh Ranch slip rate site produces a slip rate
of 6.1 mm/yr ± 4.5 mm/yr for the principal fault trace, which is a minimum for the zone as a
whole at this site (Fig. 19, Table 3). Boxcar distributions for both age and offset were used
to calculate slip rates for this site (Fig. 19).
Foothill Regional Park Site
The second slip rate site in Foothill Regional Park consists of two sampling locations on
opposite sides of the drainage that holds Pond B. Here, an older Qt7 terrace and a younger
Q2C alluvial fan are used to determine slip rates for the fault (see oversized material,
Plate 1). Both of these deposits are incised into older fan deposits (see oversized material,
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Figure 19. Shiloh Ranch Regional Park Qt4 Slip Rate. This figure shows
slip rate calculations for Shiloh Ranch Regional Park. Slip rates are
calculated using Richard Styron’s slip rate calculator (Styron, 2015). Slip
rates are calculated using box car distributions for landform age and offset
and are presented using the 95% (2 sigma) confidence window.

Table 3. Northern Rodgers Creek Fault Slip Rates
Landform

Qt4
Qt7
Q2C
Combined

Mean
Minimum
Standard
Slip Rate
Slip Rate
Deviation
(mm/yr)
(mm/yr)
Shiloh Ranch Regional Park Slip Rate Site
3.2 – 7.9
18 – 45
6.1
2.2
1.7
Foothill Regional Park Slip Rate Site
68.8 – 88.8 280 – 400
4.3
0.5
3.2
24.2 – 35.7 85 – 130
3.6
0.6
2.4
Na
Na
4.2
0.5
3.3
Landform
Age (ka)

Fault
Offset (m)

Maximum
Slip Rate
(mm/yr)
10.5
5.4
4.8
5.2

This table shows slip rate calculations for Foothill Regional Park and Shiloh Ranch Regional Park. Slip rates
are calculated using Richard Styron’s slip rate calculator (Styron, 2015). Slip rates are calculated using box
car distributions for landform age and offset, and are presented in two ways. First, the mean and standard
deviation are given, which were used to determine the 95% (2 sigma) confidence window. Second, the
associated minimum and maximum values are given.
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Plate 1). To determine slip rates at Foothill Regional Park, the offset Qt7 terrace and Q2C
alluvial fan were dated using post-IR IRSL (Appendix D) and in situ cosmogenic 10Be dating
(Table 1, Table 2, Appendix C). A total of 15 samples were collected from the two deposits:
two 10Be exposure samples (Table 1), 12 10Be depth profile samples in two depth profiles
(Table 1), and one post-IR IRSL sample (Appendix D).
Foothill Regional Park Geochronology
Foothill Regional Park, Qt7 age constraints. To constrain the age of the Qt7 terrace in
Foothill Regional Park, one 10Be exposure sample, seven 10Be depth profile samples
(Table 1; see oversized material, Plate 1), and one post-IR IRSL sample (Appendix D) were
collected. The post-IR IRSL date yielded a central age model age of of 80.3 ka ± 8.5 ka for
19-RCF-05 (Appendix D). Sample 19-RCF-05 is interpreted to produce a maximum age for
the deposit because it was collected from a sand unit, which underlies the Qt7 terrace deposit
(Fig. 4, Appendix D). This post-IR IRSL age is corroborated by a single 10Be amalgamated
pebble exposure sample collected from the surface of the terrace, RCF-P2-B (Table 1; see
oversized material, Plate 1). This sample produced an exposure age of 73.8 ka ± 5.0 ka
(Fig. 20, Table 1). This surface age is not corrected for inheritance. Combining this exposure
sample with the preferred stratigraphically lower post-IR IRSL age, yields a preferred age for
the Qt7 terrace of 68.8 ka – 88.8 ka (Fig. 20). A seven-sample 10Be depth profile was also
collected at this site to help constrain the age of the deposit (Fig. 20, Table 1).
Unfortunately, measured 10Be concentrations for this depth profile did not yield a reliable
model age, as concentrations of 10Be do not decrease with depth. This could be from
bioturbation, or gradual deposition of the terrace sediments, or both.

66

Figure 20. Foothill Regional Park Qt7 10Be Concentrations and Age Interpretation.
This figure shows raw 10Be and post-IR IRSL results for samples collected from the Qt7
terrace in Foothill Regional Park. A. shows 10Be concentrations with respect to depth
for exposure and depth profile samples collected from the terrace. No depth profile age
was calculated for the deposit because the profile contains too much scatter to be
reliably interpreted. B. shows an IsoplotR (Vermeesch, 2018) weighted mean age for
the terrace calculated using ages derived from the 10Be exposure sample and post-IR
IRSL sample. Together these two samples were used to produce an age for the terrace
of 68.8 ka – 88.8 ka. This figure was generated using the IsopotR online calculator
(Vermeesch, 2018).
Foothill Regional Park Q2C alluvial fan age constraints. To constrain the age of the
Q2C fan in Foothill Regional Park, six in situ cosmogenic 10Be samples were collected: one
exposure sample, and five depth profile samples (Fig. 21, Appendix C). A plot of
concentration versus depth for all six samples is shown in Figure 21. An amalgamated gravel
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Figure 21. Foothill Regional Park Q2C Depth Profile 10Be
Concentrations. These samples were collected from the Q2C alluvial
fan on the south side of Pond B.
sample, RCF-P3-S, yielded an exposure age of 51.3 ka ± 3.3 ka (Table 1). This surface age
is not corrected for inheritance.
To constrain the age of the fan, a 10Be depth profile was also collected (Fig. 21, Table
1 – 2). A Monte Carlo simulation was used (Hidy et al., 2010) to model a best fit age for the
fan, using all five samples for the depth profile (Fig. 22 – 24). For this depth profile, a
maximum surface lowering threshold of 10 cm was used (Fig. 24) because landform
geomorphology and preserved micro-topography on the surface of the deposit suggests a
small degree of total surface lowering. The depth profile simulation produced a minimum
age of 24.2 ka and a maximum age of 35.7 ka, with a mean age of 28.8 ka (Fig. 23, Table 2).
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Figure 22. Foothill Regional Park Q2C Depth Profile 10Be
Concentration vs. Depth. These samples were collected from the Qt7
alluvial fan on the north side of Pond B. The plot shows the 10Be
concentrations with their respective uncertainties. Red curves show
best fit depth profile solutions. Depth profile solutions were produced
using the Monte Carlo simulation described in Hidy et al. (2010).
When running the simulation with 0 cm – 10 cm of surface lowering,
best fit solutions produced a model age of 24.2 – 35.7 ka for this
terrace.
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Figure 23. Foothill Regional Park Q2C 10Be Depth Profile Model Probability
Density Functions. This figure shows probability density functions of
terrace age, erosion rate, and inheritance depth profile samples collected
from the Q2C alluvial fan in Foothill Regional Park. Depth profile solutions
were produced using the Monte Carlo simulation described in Hidy et al.
(2010). When running the simulation with 0 cm – 10 cm of surface lowering,
best fit solutions produced a model age of 24.2 ka – 35.7 ka for this terrace.
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Figure 24. Foothill Regional Park Q2C 10Be Depth Profile Model
Age vs. Erosion Rate. This figure shows model results age with
respect to erosion rate for depth profile samples collected from the
Q2C alluvial fan in Foothill Regional Park. The black curve
describes the maximum erosion threshold of 10 cm of surface
lowering. Depth profile solutions were produced using the Monte
Carlo simulation described in Hidy et al. (2010). Best fit solutions
produced a model age of 24.2 ka – 35.7 ka for this fan.
Erosion rate solutions from this unconstrained model are 0.00 cm/ka to 0.38 cm/ka (Fig. 23,
Table 2). This depth profile model age also suggests significant inheritance of 10Be
concentrations from hillslope residence of 9.6 x 104 atoms/g – 8.4 x 104 atoms/g (Fig. 23,
Table 2). In aggregate, age constraints yield a surface age for this alluvial fan of 24.2 ka –
35.7 ka (Fig. 23, Table 2). The exposure age is omitted from the age range of the terrace, as
the depth profile age is considered to be more robust than the exposure age from the single
surface clast.
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Foothill Regional Park Fault Reconstructions
Foothill Regional Park Qt7 fault reconstructions. Minimum and maximum offsets for
the Qt7 deposit of 280 m – 400 m are defined by reconstructing the Qt7 terrace with its likely
source drainage as well as a second Qt7 terrace preserved across the fault. As described in
the method section, the sampled downstream terrace outcrops as a small terrace remnant
perched at the upper edge of the channel that holds Pond B. In contrast, the upstream Qt7
terrace is preserved in a comparatively low relief channel. This second terrace is preserved
as a gently domed surface on the edge of the channel, and has no exposure. This terrace was
also mapped as a Qt7 terrace because of its high elevation within the channel. Both of these
Qt7 terraces are of similar elevation and are incised into older Q2A fans on the northern side
of their respective drainages.
Reconstructions at this site reunite the interpreted likely former extent of the two terraces
across the fault. This unites the downstream terrace with a potential source drainage
(Fig. 25). Due to the high elevation of the downstream Qt7 terrace above the channel bottom
and the clast characteristics, such as rounding, and grain size, it is interpreted that the present
channel that is upstream from Pond B is not the source for the Qt7 terrace. Therefore, the
downstream Qt7 terrace must be displaced from its original source drainage (Fig. 25). This
study interprets that the most likely source drainage for the downstream Qt7 terrace is the
wide upstream channel that contains the upstream Qt7 terrace (Fig. 25).
For the minimum Qt7 offset, the downstream channel, which holds Pond B, is
reconstructed across the fault with the northern edge of the upstream channel (Fig. 25B).
This reconstruction reconnects the contact between the Q2A fan deposits and the likely
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Figure 25. Foothill Regional Park Qt7 Fault Reconstructions. A. shows the Quaternary
geologic map of the slip rate site. B. shows the 280 m minimum offset of the Qt7
terrace. C. shows the maximum reconstruction of 400 m for the Qt7 terrace. In both
reconstructions, the orange overlay on the map shows the interpreted former extent of
the Qt7 terrace on prior to erosion and down-cutting of each channel. Gold stars show
the 10Be sampling locations. A legend for these maps can be found on Plate 1 (see
oversized material). LiDAR data is available through OpenTopography.org.
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former extent of the Qt7 terrace. In this way, this reconstruction realigns the interpreted
former northern Qt7 channel wall across the fault, producing an offset of 280 m. This
reconstruction also realigns the downstream channel, where the channel crosses the fault,
with the upstream Qt7 terrace remnant. Since the modern geomorphology of the downstream
channel is steeper and more narrow than the upstream channel, it’s necessary to reconstruct
each channel wall in order to capture the complete uncertainty at this site. This
reconstruction restores the northern channel wall and the shortest possible offset for Qt7, and
is therefore the minimum reconstruction.
For the maximum offset estimate, the interpreted southern Qt7 channel wall is
reconstructed across the fault. To do this, the inferred upstream contact between the Qt7
former extent and the Q1B deposit is reconstructed with the inferred downstream contact
between the Qt7 former extent and the Q2B deposit, producing an offset of 400 m. This
reconstruction also realigns geomorphically younger and older features. The small modern
streams in the bottom of the two channels are realigned, although these small inset channels
are likely much younger features than the Qt7 terrace (Fig. 25). This offset also aligns the
contact between Q2A and Q1B deposits across the fault. This reconstruction is a maximum
for Qt7 because the younger Qt7 must have an offset that is lesser or equal to that of the older
Q2A deposits to maintain consistent dextral slip on the fault.
Foothill Regional Park Q2C fault reconstructions. Minimum and maximum offsets for
the Q2C deposit of 85 m – 130 m are defined by removing the deflection in the drainage
directly upstream from Pond B (Fig. 26). Since this deposit is lower in elevation, and
therefore was deposited in the channel at a time of lower base level, it is likely a younger

74

Figure 26. Foothill Regional Park Q2C Fault Reconstructions. A. shows a Quaternary
geologic map of the slip rate site. B. shows the 85 m minimum offset of the Q2C alluvial
fan. C. shows the 130 m maximum offset of the Q2C alluvial fan at Foothill Regional
Park. In both reconstructions, the brown overlay on the map shows the interpreted
former extent of the Q2C fans prior to erosion and deposition of younger map units.
Gold stars show sampling locations. LiDAR data is available through
OpenTopography.org.
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deposit than the Qt7 terrace. As a result, it should have experienced less offset than the Qt7
terrace and may have been sourced from its current upstream drainage across the fault. The
sub-parallel upstream and downstream margins of this drainage serve as the primary piercing
lines in this reconstruction (Fig. 26).
For the minimum Q2C offset, the deflection is removed from the channel that holds Pond
B, such that the margins of the interpreted former extent of the Q2C are reconstructed across
the fault. This reconstruction aligns the inferred contacts of the deposit, but preserves some
of the bend in the modern stream deflection (Fig. 26B). Channels commonly bend in
locations without active faults; the 85 m of slip restored in this reconstruction is the
minimum amount necessary to restore the interpreted former extent of the deposit across the
fault. This reconstruction is a minimum because the geometry of the channel allows for
greater restoration of slip while still maintaining dextral slip on the fault. This reconstruction
also realigns three other groups of deposits mapped as Q2C fans.
For the maximum offset, the entire deflection is removed from the channel that holds
Pond B, producing an offset of 130 m (Fig. 26). This reconstruction utilizes the sub-linear
trend of the two stream segments that extend orthogonally from the fault to remove the entire
deflection from the channel. This reconstruction removes the deflection from the channel,
including the deflection caused by a small shutter ridge on the south side of the channel
(Fig. 26). This reconstruction is a maximum because it removes the entire deflection from
the stream channel; if the Q2C fan is sourced from this channel, no further displacement is
possible without disconnecting the downstream channel from its source drainage. In addition
to the primary piercing line, both the minimum and maximum reconstructions realign six
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other pairs of Q2C deposits to the south (Fig. 26). In the case of the maximum
reconstruction, five small drainages which cut into these Q2C deposits are also realigned
(Fig. 26). Many other deposits are also aligned across the fault in this reconstruction, likely
because this reconstruction accentuates the natural spacing of drainages at this site.
Foothill Regional Park Slip Rates
Data analysis for the Foothill Regional Park slip rate site produces late Quaternary slip
rates for the Qt7 and Q2C deposits. The Qt7 terrace yielded an age of 68.8 ka – 88.8 ka
(Fig. 20) and an offset of 280 m – 400 m (Fig. 25), which yields a slip rate of 4.3 mm/yr ±
1.1 mm/yr (Fig. 27, Table 3). The Q2C fan is of 24.2 ka – 35.7 ka (Fig. 28, Table 2) and an
offset of 85 m – 130 m (Fig. 26), which results in a slip rate of 3.6 mm/yr ± 1.2 mm/yr
(Fig. 28, Table 3). When slip rates were calculated together for both landforms, this gives a
combined slip rate of 4.2 mm/yr ± 1.0 mm/yr (Fig. 29, Table 3). Boxcar distributions for
both age and offset were used to calculate slip rates for this site (Table 3). The combined slip
rate of 4.2 mm/yr ± 1.0 mm/yr (Fig. 29, Table 3) is the preferred slip rate for the site.
Foothill Regional Park Conceptual Landscape Evolution Model
At Foothill Regional Park, observations of the geometry, relative position, extent, and
cross-cutting relationships of the principal map units are used to develop a testable
conceptual landscape evolution model, to describe the history of faulting and fan
emplacement (see oversized material, Plate 2, Figs. E – O). In this landscape evolution
model active faulting and fan emplacement occurred together, leading to complexity. These
deposits show time transgressive displacement of units across the fault and could be the site
for additional slip rate studies, targeting longer time ranges.

77

Figure 27. Foothill Regional Park Qt7 Slip Rate. Slip rates are calculated using
Richard Styron’s slip rate calculator (Styron, 2015). Slip rates are calculated
using box car distributions for landform age and offset and are presented using
the 95% (2 sigma) confidence window.

Figure 28. Foothill Regional Park Q2C Slip Rate. Slip rates are calculated
using Richard Styron’s slip rate calculator (Styron, 2015). Slip rates are
calculated using box car distributions for landform age and offset and are
presented using the 95% (2 sigma) confidence window.
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Figure 29. Foothill Regional Park Combined Qt7 and Q2B Slip Rate. Slip
rates are calculated using Richard Styron’s slip rate calculator (Styron, 2015).
Slip rates are calculated using box car distributions for landform age and
offset and are presented using the 95% (2 sigma) confidence window.
In the model, each figure shows the interpretation of the likely former extent and order of
emplacement of the alluvial fan and terrace deposits, superimposed on a LiDAR shaded relief
image of the landscape (see oversized material, Plate 2, Figs. F – O). In each stage of
landscape development, the new unit is placed on top of the LiDAR image to highlight which
parts of the map have changed. At each step, old units become transparent (see oversized
material, Plate 2, Figs. F – O). In this model the timing of emplacement of most units is
unconstrained. Slip is partitioned onto an eastern fault (F1) and a western fault (F2) strand
(see oversized material, Plate 2, Figs. F – O). In the model, slip distances are added together
for the two faults, such that the restored offsets continuously decrease, eventually converging
on the modern 0 m offset position.
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As shown in Plate 2 (see oversized material), Figures F – O, these two faults bound a
pressure ridge, where Foothill Regional Park is located. The western strand, F2, follows the
modern active trace of the fault. The eastern strand, F1, is mapped along the eastern edge of
the large pressure ridge. This left step along a right lateral strike slip fault likely elevated the
pressure ridge over time. During the initial development of the pressure ridge, the
topography of the ridge was likely lower allowing for older fans to be emplaced from east to
west across both faults. As the pressure ridge increased in elevation, a topographic barrier to
fan emplacement formed. The rate at which the pressure ridge elevated to its present
elevation is also unknown, leading to uncertainty in the timing of when water and sediments
flowed across or around the pressure ridge.
Minimum bedrock reconstructions. Bedrock units in the study area, have experience
significant offset by the Rodgers Creek Fault (McLaughlin et al., 2012). These units include
the Tertiary Sonoma Volcanics, Jurassic Coast Range Ophiolite, Late Jurassic to Early
Cretaceous Great Valley Sequence, and Late Jurassic to early Eocene Franciscan Complex.
For this reconstruction, two areas mapped as Tertiary Sonoma Volcanics are reconstructed
across the eastern fault (see oversized material, Plate 2, Fig. F). These units were chosen
because they are the two closest areas of Tertiary Sonoma Volcanics on either side of F1. It
is beyond the scope of this study to determine if the bedrock units in this reconstruction
correlate geochemically or geochronologically. This reconstruction produces an offset of
~660 m on the eastern fault (see oversized material, Plate 2, Fig. F). Approximately 400 m
of offset is also placed on F2. This ~400 m offset distance is produced by reconstructing the
Q2A fans, which are the oldest units that constrain slip on the western fault. Together, the
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minimum offset on F1 and F2 is 1060 m for bedrock units (see oversized material, Plate 2,
Fig. F)
Q1B deposition. Deposition of the Q1B fans likely began from the Mayacamas
Mountains in the east and then flowed west across the two fault strands, F1 and F2 (see
oversized material, Plate 2, Fig. G). These high, old, extensive fan deposits were likely
sourced from major channels during a time of higher channel base level. To reconstruct the
landscape during deposition of Q1B, Q1B fans east of F1 are aligned with mapped Q1B
deposits west of F1, leading to an offset of ~450 m (see oversized material, Plate 2, Fig. G).
The northern border of the two aligned groups of Q1B fans is marked by two large channels
on either side of F1. These channels, which are used as the primary piercing line in this
reconstruction, could have acted as major conduits for water and sediment to flow across
both faults. In the map area for this study, there are additional areas mapped as Q1B fans
west of F1 and F2 which lie beyond the map extent of this model. These western Q1B fans
could reconstruct back to the Q1B fans east of F1 in this model, making this reconstruction a
minimum. As before, ~400 m of post-Q1B offset is also placed on F2 to accommodate
dextral faulting when reconstructing younger units. Together this leads to a total offset of
~850 m since emplacement of Q1B (see oversized material, Plate 2, Fig. G).
Q2A deposition. Q2A fans, the oldest of the second generation of alluvial fans, were also
likely sourced from the Mayacamas Mountains (see oversized material, Plate 2, Fig. H). In
this reconstruction, F1 appears to become inactive, as fault slip appears to transfer to F2. To
reconstruct Q2A fans the northern contact between Q2A and Q1B deposits is reconstructed
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across F2, producing an offset of ~400 m. This reconstruction is a maximum offset for F2
(see oversized material, Plate 2, Fig. H).
Q2B deposition. Q2B deposits were also interpreted to be sourced from major channels
of the Mayacamas Mountains, east of the pressure ridge between F1 and F2 (see oversized
material, Plate 2, Fig. I). These channels flow from east to west across the area that is now
the wide flat valley, east of the pressure ridge. Here, the Q2B deposit adjacent to Pond B is
used as the primary piercing line, by connecting the western deposit with the center of the
wide flat drainage on the east side of F2. This reconstruction produces a minimum offset of
~300 m (see oversized material, Plate 2, Fig. I). This minimum offset is overlapping with the
offset uncertainty for the Qt7 deposit, below. This likely implies that very little slip occurred
between deposition of the Q2A and Qt7 deposits.
Qt7 deposition. The high Qt7 terraces, preserved on either side of F2, were likely sourced
from major channels on the east side of the study area and were deposited between 68.8 ka
and 88.8 ka (Fig. 20; see oversized material, Plate 2, Fig. J). These terraces share a very
similar provenance to the Q2B fans in this model (see oversized material, Plate 2, Fig. J).
These terraces are preserved at high elevation within Foothill Regional Park, so would have
been deposited during an era of much higher base level, when sediments could still have
flowed across the pressure ridge. This appears to be the last deposit that is sourced from east
of the pressure ridge. In this reconstruction, the inferred northern contact between the Qt7
former extent and the Q2A fans is realigned across F2 (see oversized material, Plate 2,
Fig. J). The minimum reconstruction (Fig. 25) is presented in this conceptual evolution
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model, which produces and offset of 280 m (see oversized material, Plate 2, Fig. J). This
deposit has an offset range of 280 m – 400 m as detailed in Figure 25.
Q2C deposition. Q2C fans appear to be a transitional deposit, between a time at which
sediments could flow across the pressure ridge and a time at which the ridge was sufficiently
elevated that it became a topographic barrier (see oversized material, Plate 2, Fig. K). Q2C
alluvial fans are relatively small deposits sourced from small drainages cut into higher
adjacent Q1 and Q2 deposits. Where preserved, these deposits appear to be relatively
extensive within their channels, but sediments do not appear to be sourced from east of the
pressure ridge (see oversized material, Plate 2, Fig. K). Where preserved, these deposits
appear to be relatively extensive within their channels, but sediments do not appear to be
sourced from east of the pressure ridge (see oversized material, Plate 2, Fig. K). Based on
dating results, the Q2C fan in the drainage with the Pond B was deposited between 24.2 ka
and 35.7 ka (Figs. 21 – 24, Table 2). In our reconstruction, the deflection is removed from
the channel that holds Pond B, where a small Q2C fan is preserved. The maximum
reconstruction is presented in the conceptual landscape evolution model. The total offset
range of 85 m – 130 m is detailed in Figure 26.
Q2D deposition. Q2D fans are small and locally sourced, flowing from deeply incised
steep canyons cut into the higher Q1 and Q2 fans (see oversized material, Plate 2, Fig. L).
As mapped, these fans all outcrop on the western slopes of Q1 and Q2 deposits (see
oversized material, Plate 1), adjacent to F2 in the study area (see oversized material, Plate 2,
Fig. L). Reconstruction of these fans is based on small offset streams incised into the
deposits (see oversized material, Plate 2, Fig. L). These deflected and beheaded channels
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show offsets between ~5 m and ~30 m. In Plate 2 (see oversized material), Figure L, a
preferred offset of 20 m is presented for this unit.
Q3 deposition. The geomorphically most youthful era of alluvial fans in the study area
are Q3 fans (see oversized material, Plate 2, Fig. M). These young, low fans are locally
sourced from adjacent slopes and stream valleys. They have their origins in steep channels
cut into older Q1 and Q2 deposits and subsequently spread out along the surface of the local
flood plain. Although offset on these low fans is possible, no offset is necessary to satisfy
this model (see oversized material, Plate 2, Fig. M).
Deposition of modern terraces. Modern terraces and valley fill deposits in the study area
are likely locally sourced from nearby small streams and from the downslope migration of
sediments (see oversized material, Plate 2, Fig. N). Several eras and elevations of terraces
are lumped together in this orange Qt unit (see oversized material, Plate 2, Fig. N). Older
units, preserved in large channels, have likely experienced offset. Young modern terraces
appear to not be offset. These terraces are lumped in this reconstruction because they don’t
play a part in the larger story of fan emplacement within the slip rate site in Foothill Regional
Park. For the purpose of this reconstruction, no offset is necessary to satisfy this model, but
this is inherently a minimum reconstruction for Qt terraces in the study area (see oversized
material, Plate 2, Fig. N).
Anthropogenic modification. This landscape has been heavily altered anthropogenically.
Plate 2 (see oversized material), Figure O shows many of the areas that have been heavily
modified through dam building, construction, and winery development. This area has also
been logged, plowed, and grazed, so it’s likely that some degree of anthropogenic
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modification applies to all parts of the landscape. It is not possible to exclude the possibility
of minor fault offsets during historic time, but no offset is necessary to satisfy the model at
this scale (see oversized material, Plate 2, Fig. O). With this last phase of landscape
development, this landscape evolution model produces a picture of the landscape that is
consistent with geomorphic mapping of the study area (see oversized material, Plate 1 and
Plate 2, Fig. N).
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DISCUSSION
Implications for Faults Behavior within the Santa Rosa Pull-Apart Basin
A late Pleistocene slip rate of 4.2 mm/yr ± 1.0 mm/yr (Figs. 29 – 30, Table 3) was
estimated at Foothill Regional Park and a preliminary minimum Holocene slip rate of 6.1
mm/yr ± 4.5 mm/yr (Figs. 19 and 30, Table 3) was estimated at Shiloh Ranch Regional Park
for the northern Rodgers Creek Fault. These rates are similar to published geologic slip rates
of 5.3 mm/yr ± 2.2 mm/yr from ~3 Ma to ~1 Ma (McLaughlin et al., 2012; Fig. 30) and
geodetic slip rates of 6.6 mm/yr ± 2.4 mm/yr for the entire Rodgers Creek Fault (d’Alessio et
al., 2005; Fig. 30). Slip rates from Foothill Regional Park appear slower than published
Holocene slip rates for the southern Rodgers Creek Fault [6.4 mm/yr – 10.4 mm/yr]
(Budding et al., 1991; Schwartz et al., 1992; Fig. 30) and the Hayward Fault [8.0 mm/yr ±
0.7 mm/yr] (Lienkaemper and Borchardt, 1996; Fig. 30). Combined, these data suggest
either that slip rates may increase southward on the Rodgers Creek Fault, south of Santa Rosa
or rates may have increased for the entire fault during the Holocene.
Variable fault behavior between the northern and southern Rodgers Creek faults may be
corroborated by changes in historic seismic behavior, fault orientation, and creep behavior
between the two fault segments. For instance, trends in the abundance and depth of
earthquakes show differences between the northern and southern Rodgers Creek faults
(Wong, 1991). Despite abundant geomorphic evidence of fault activity, the southern
Rodgers Creek Fault has produced no large earthquakes in historic time. Observed
microseismicity on the southern Rodgers Creek Fault appears to be confined to the upper 12
km of the crust, with a few deep events at 15 km, but with most microearthquakes in the
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Figure 30. Key slip rates for the Rodgers Creek Fault and surrounding
faults. This figure compares newly determined slip rates for the
northern Rodgers Creek Fault with published slip rates for the
southern Rodgers Creek Fault, Hayward Fault, and Maacama Fault.
Green bars show new slip rate estimates from this study. Slip rate
citations: (A) Budding et al. (1991); Schwartz et al. (1992), (B)
McLaughlin et al. (2012), (C) d’Alessio et al. (2005), (D) Lienkaemper
and Borchardt (1996), (E) Prentice et al. (2014), (F) Swiatlowski et al.
(2019). This figure was modified from a figure generated using the
IsopotR online calculator (Vermeesch, 2018).
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upper 9 km (Wong, 1991). The southern Rodgers Creek Fault also has a section, between
San Pablo Bay and Sonoma Mountain (Fig. 1), with no observed microseismicity. This
section of the fault may be locked and may be capable of producing a M 7 or greater
earthquake (Wong, 1991).
In contrast to the relative seismic quiescence of the southern Rodgers Creek Fault, the
northern Rodgers Creek Fault appears to be seismically active (Wong, 1991; Swan et al.,
2003; Crampton et al., 2004; Hecker and Kelsey, 2006). In addition to the M5.6 and M5.7
earthquakes in 1969 at the south end of the segment, many smaller earthquakes have been
recorded on the northern Rodgers Creek Fault (Wong, 1991). The largest event on the
northern Rodgers Creek Fault since 1970 was a M 3.5 earthquake (Wong, 1991). Since
monitoring began in 1969, abundant microseismicity has been observed on the fault (Hecker
et al., 2005). Seismicity is observed down to 12 km, with most events occurring between 6
km – 8 km depth.
Microseismicity and geophysics show the orientation of the fault planes for the northern
and southern Rodgers Creek faults. Clustering of microseismicity on the northern Rodgers
Creek Fault shows that the fault dips ~75° to the east (Wong, 1991). This finding is
corroborated by geophysical studies, which show that the fault dips northeast (Langenheim et
al., 2010). In contrast, microseismicity on the southern Rodgers Creek fault shows a nearvertical, although poorly defined, structure down to ~12 km (Wong, 1991; Hardebeck et al.,
2007). Both the change in abundance of microseismicity and the observed change in fault
dip highlight differences between the northern and southern Rodgers Creek faults.
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In addition to trends in microseismicity and fault orientation, geodetic techniques,
including persistent scatterer Interferometric Synthetic Aperture Radar (InSAR), have shown
that the creep rate for the northern and southern segments of the Rodgers Creek Fault
changes along strike. Creep rates of 2 mm/yr – 6 mm/yr (Swiatlowski et al., 2019) are
highest for the northern Rodgers Creek Fault, and decrease southward onto the southern
Rogers Creek Fault (Funning et al., 2007; Lienkaemper et al., 2014; McFarland et al., 2014).
These changes in fault geometry and behavior suggest that the northern and southern
Rodgers Creek faults do not experience synchronous fault behavior in time and space.
Along-strike variability in slip rates and other types of fault behavior likely reflect the
complex interplay between the northern Rodgers Creek Fault, southern Rodgers Creek Fault,
and Maacama Fault across the Santa Rosa Pull-Apart basin. Under the city of Santa Rosa,
the northern Rodgers Creek, southern Rodgers Creek, Bennett Valley and Maacama faults
connect in a 1-km-long, 4-km-wide releasing bend (McLaughlin et al., 2008, 2012). Gravity
and aeromagnetic data show that the southern Rodgers Creek Fault and northern Rodgers
Creek Fault are connected under the Santa Rosa floodplain (Langenheim et al., 2010).
Recent mapping using high resolution airborne LiDAR corroborates these observations and
demonstrates that the northern and southern Rodgers Creek faults are connected in a
trapezoidal 1 km long, 0.4 km wide extensional stepover under Santa Rosa, that is
superimposed on the larger stepover between the northern Rodgers Creek, southern Rodgers
Creek, Maacama and Bennett Valley faults (Hecker et al., 2016; Fig. 1). In these
superimposed structures, slip is transferred north from the southern Rodgers Creek Fault and
Bennett Valley Fault to the northern Rodgers Creek Fault and Maacama Fault (McLaughlin
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et al., 2008, 2012). If slip rates on the Rodgers Creek Fault decrease northward along strike,
it is likely that some of the slip accommodated by the southern Rodgers Creek Fault is
transferred onto the sub-parallel Maacama Fault across the Santa Rosa Pull-Apart basin. The
comparatively rapid Holocene slip rate of 6.4 mm/yr – 8.5 mm/yr (Prentice et al., 2014;
Fig. 30) on the Maacama Fault near Willits, CA suggests that the Maacama Fault is a major
structure, which also accommodates a high proportion of strain at the latitude of Windsor,
CA.
Implications for Seismic Hazards
The Rodgers Creek Fault is seismically active (Wong, 1991; Wong and Bott, 1995) and
likely poses significant risk to local residents in Sonoma County and in the San Francisco
Bay Area. Both the northern and southern Rodgers Creek faults generate microseismicity,
(Wong, 1991; Hardebeck et al., 2007; Waldhauser and Schaff, 2008) and show youthful
geomorphic signatures of modern faulting. The Rodgers Creek Fault last produced ground
rupture sometime likely in the eighteenth century (Hecker et al., 2005). Additionally, on
October 1, 1969, Santa Rosa experienced two damaging earthquakes (ML 5.6 and 5.7) that
occurred north of the city on the northern Rodgers Creek Fault (Wong and Bott, 1995). In
both the 1906 and 1969 earthquakes, the basin and basement body geometry appear to have
enhanced and focused ground shaking under Santa Rosa by increasing the strength and
duration of shaking (McPhee et al., 2007). When combined with the Hayward Fault, the
Rodgers Creek Fault has a 32% probability of producing an earthquake M 6.7 or greater, a
probability greater than any other Bay Area fault (Field et al., 2009, 2015).
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Since rupture length is a determining factor in the magnitude of an earthquake, it is a key
question whether the Hayward, southern Rodgers Creek, and northern Rodgers Creek faults
could all rupture in one thoroughgoing earthquake. Watt et al. (2016) established that the
southern Rodgers Creek Fault, which runs from Sears Point to Santa Rosa, connects with the
Hayward Fault under San Pablo Bay in a 10° restraining bend. Hecker et al. (2016) showed
that the northern and southern Rodgers Creek faults connect under Santa Rosa in a ~1 km
long extensional stepover, which could potentially allow for simultaneous rupture of the two
faults. New slip rates on the northern Rodgers Creek Fault presented herein, which support
the model that a high proportion of strain is partitioned from the southern to the northern
Rodgers Creek faults, are consistent with the possibility of a through-going rupture.
Together these three faults have a combined fault length of ~110 km, capable of rupturing in
a future earthquake of M 7.4 (Watt et al., 2016) or greater.
New slip rates for the northern Rodgers Creek Fault, when compared with creep rates,
have implications for seismic hazards. Late Pleistocene slip rates of 4.2 mm/yr ± 1.0 mm/yr
are consistent with creep rates of 2 mm/yr – 6 mm/yr (Funning et al., 2007; McFarland et al.,
2014; Lienkaemper et al., 2014; Shakibay Senobari and Funning, 2019; Swiatlowski et al.,
2019; Fig. 30) within their respective uncertainties. If slip rates for the northern Rodgers
Creek Fault have remained constant since the late Pleistocene, this would imply that a large
proportion of strain on the northern Rodgers Creek Fault is accommodated through creep. If
slip rates have increased in the Holocene to match southern Rodgers Creek rates of 6.4
mm/yr – 10.4 mm/yr (Budding et al., 1991; Schwartz et al., 1992; Fig. 30), there could be a
substantial slip deficit, making the fault capable of producing a major earthquake. This
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possibility, combined with the potential for amplified ground shaking in and around Santa
Rosa, makes the Rodgers Creek Fault an important topic for continued study.
Implications for San Andreas Fault System Dynamics
Due to the relatively sparse number of slip rate studies in the San Francisco Bay Area, the
slip rate distribution across the North Coast Section of the San Andreas Fault system is
poorly constrained. New slip rates on the northern Rodgers Creek Fault allow for a better
understanding of the distribution of strain partitioning across the plate boundary system in
the northern San Francisco Bay Area, and a better estimate of total slip rate across the fault
system. Grove and Niemi (2005) determined four overlapping late Pleistocene slip rates for
the San Andreas Fault near Olema, CA from four pairs of offset landforms: 17 mm/yr – 35
mm/year, 25 mm/year, 21 mm/yr – 30 mm/year, and 21 mm/yr – 25 mm/year. If the most
conservative slip rate of 17 mm/yr – 35 mm/yr (Grove and Niemi, 2005) on the San Andreas
Fault is used in combination with the new combined late Pleistocene slip rate from Foothill
Regional Park [4.2 mm/yr ± 1.0 mm/yr] to calculate a net slip rate, a minimum slip rate of
~20 mm/yr – 40 mm/yr is estimated for the San Andreas Fault system in the late Pleistocene.
Although this net slip rate does not include slip rates on the Maacama fault, it still represents
~40 % – 80 % of the total ~50 mm/yr (DeMets et al., 2010) of slip across the Pacific North
American Plate boundary. Further study of Bay Area faults, like the Rodgers Creek Fault, is
needed to better constrain plate boundary dynamics in time and space and to quantify seismic
hazards in the region.
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CONCLUSION
New Quaternary geologic slip rates have been determined for the northern Rodgers Creek
Fault near the town of Windsor, CA at two sites, through a combination of Quaternary
mapping and in situ cosmogenic 10Be dating, and post-IR IRSL dating. At Shiloh Ranch
Regional Park, a preliminary minimum Holocene slip rate of 6.1 mm/yr ± 4.5 mm/yr was
estimated for a Qt4 terrace (Fig. 19, Table 2). At Foothill Regional Park, late Pleistocene slip
rates were estimated for two deposits: 4.3 mm/yr ± 1.1 mm/yr (Fig. 27, Table 3) for a Qt7
terrace and 3.6 mm/yr ± 1.2 mm/yr (Fig. 28, Table 3) for a Q2C fan. These yield a combined
slip rate of 4.2 mm/yr ± 1.0 mm/yr (Fig. 29, Table 3) for the site. Published Holocene slip
rates of 6.4 mm/yr – 10.4 mm/yr (Budding et al., 1991; Schwartz et al., 1992; Fig. 30) for the
southern Rodgers Creek Fault are faster than newly determined slip rates at Foothill Regional
Park, suggesting that slip rates for the fault are slower along strike to the north, or that the
combined length of the Rodgers Creek fault has a faster slip rate in the Holocene. This and
other aspects of asynchronous behavior between the northern and southern Rodgers Creek
faults suggest that the two faults are part of an evolving fault system. If slip rates have been
constant for the northern Rodgers Creek Fault since the late Pleistocene, it is likely that some
of the slip from the southern Rodgers Creek fault is partitioned onto the Maacama fault
across the Santa Rosa Pull-Apart basin.
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Maximum Age
Erosion Distribution
Minimum Erosion Rate
Maximum Erosion Rate
Minimum Erosion Threshold
Maximum Erosion Threshold
Inheritance Distribution
Minimum Inheritance
Maximum Inheritance
Neutron Attenuation Distribution
Neutron Attenuation Mean Value
Neutron Attenuation Standard Deviation

Units
Degrees
Degrees
m
Degrees
Degrees

%
atoms/g/a
atoms/g/a
m
%
g/cm3
g/cm3

a
a
cm/ka
cm/ka
cm
cm
atoms/g
atoms/g
g/cm2
g/cm3

Sample Site
Shiloh Ranch Regional
Foothill Regional Park
Park Qt4 Terrace
Q2C Fan
38.526611
38.562219
-122.7618
-122.791628
78
83
115
96
5
10
0.865
0.997
1
1
10Be (1.387 Ma)
10Be (1.387 Ma)
5
5
Stone 2000 after Lal 1
Stone 2000 after Lal 1
4.01
4.01
3.43891
3.98076
2.5
4
5
5
2
2
2.5
2.5
5
20
10000
10000
No Parallelization
No Parallelization
Stochastic uniform error Stochastic uniform error
3000
22000
8500
27000
Stochastic uniform error Stochastic uniform error
0
0
0.75
0.4
0
0
2
10
Stochastic uniform error Stochastic uniform error
30000
80000
40000
100000
Stochastic Normal Error Stochastic Normal Error
160
160
5
5
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108

109

BE48261

BE48262

RCF-P1-D

RCF-P1-E

Depth Profile
Depth Profile
Depth Profile

BE48270

BE48271

BE48765

BE48263

BE48168

BE48169

BE48264

BE48170

RCF-P2-S

RCF-P2-A

RCF-P2-B
Foothill
Regional RCF-P2-C
Park Qt7
Terrace RCF-P2-D

RCF-P2-D2

RCF-P2-E

RCF-P2-F

Depth Profile

Depth Profile

Depth Profile

Depth Profile

Exposure

BE48766

Exposure

Depth Profile

RCF-S5

Shiloh
Ranch
RP Q3
Fan

Depth Profile

BE48260
Depth Profile

Depth Profile

BE48259

Exposure
Depth Profile

BE48257

RCF-P1-S

Exposure

BE48258

BE47371

RCF-S1

Sample ID CAMS ID

Shiloh
RCF-P1-A
Ranch
Regional
RCF-P1-B
Park Qt7
Terrace
RCF-P1-C

Deposit

Sample
Type

38.562978/122.792864
38.562978/122.792864
38.562978/122.792864
38.562978/122.792864
38.562978/122.792864
38.562978/122.792864
38.562978/122.792864
38.562978/122.792864

38.52653/122.762396

Latitude/
Longitude
(Decimal
Degrees)
38.526619/122.761764
38.526611/122.761800
38.526611/122.761800
38.526611/122.761800
38.526611/122.761800
38.526611/122.761800
38.526611/122.761800

95

95

95

95

95

95

95

95

75

78

78

78

78

78

78

78

(m asl)

Elev.

250

235

150

150

100

50

10

0

0

191

128

105

59

34

0

0

(cm)

Depth

20

20

10

20

20

20

20

2

10

9

10

10

10

15

2

3

0.971

0.971

0.971

0.971

0.971

0.971

0.971

0.971

0.989

0.865

0.865

0.865

0.865

0.865

0.865

0.865

Sample
thickness Shileiding
correction
(cm)

0.4038

11.07

0.8947

0.3046

2.91

0.48

7.61

4.43

1.02

2.91

3.38

2.43

2.35

3.11

3.18

4.15

(g)

Qtz
mass

37-Blank
37-Blank
37-Blank
37-Blank
37-Blank

238
236
240
242
241

±σ

1.0419E-14 4.2750E-16

9.9311E-15 4.2608E-16

7.1395E-15 3.6794E-16

7.3767E-15 5.1386E-16

1.1036E-14 6.4610E-16

9.7410E-15 4.6313E-16

1.1315E-14 6.0819E-16

µ

Be/9Be

10

5.0

4.1

3.8

4.0

4.9

4.2

3.3

µ

0.2

0.2

0.2

0.3

0.3

--

--

--

--

--

0.2 13.6

39-Blank
39-Blank
40-Blank
37-Blank
36-Blank
36-Blank
37-Blank
36-Blank

282
281
282
240
240
236
241
238

5.1286E-15 3.0951E-16

1.2216E-13 1.9634E-15

3.3830E-14 9.2996E-16

3.5990E-15 3.1835E-16

4.9829E-14 1.3840E-15

4.9476E-15 3.6081E-16

4.5848E-13 8.1501E-15

5.9976E-14 1.6510E-15

18.4

17.5

58.7

16.6

26.7

16.2

1.2

0.3

1.6

1.6

0.8

1.3

--

--

--

--

--

--

--

0.7 73.8
112.5 2.2

24.7

--

--

--

--

--

--

--

2.3

4.1

--

--

--

--

--

0.7

0.7

--

--

--

--

--

--

--

5.0

5.4

--

--

--

--

--

1.1

0.9

Exposure age
(ka)
±σ
±σ
µ
(int) (ext)

0.2 10.7

±σ

[10Be] (104
atoms g-1)

40-Blank 1.1805E-14 7.8176E-16 20.29 1.37 59.7

37-Blank

238

282

29-Blank

Blank

253

(µg)

9
Be
spike

110

BE48272

BE48265

BE48273

BE48274

BE48768

BE48275
BE47375
BE48173
BE48266
BE48276
BE48767
BE48777

RCF-P3-S

RCF-P3-A

RCF-P3-B

RCF-P3-C

RCF-P3-D

RCF-P3-E
29-Blank
36-Blank
37-Blank
39-Blank
40-Blank
41-Blank

Depth Profile
Blank
Blank
Blank
Blank
Blank
Blank

Depth Profile

Depth Profile

Depth Profile

Depth Profile

Exposure

Sample ID CAMS ID

Latitude/
Longitude
(Decimal
Degrees)
38.562219/122.791628
38.562219/122.791628
38.562219/122.791628
38.562219/122.791628
38.562219/122.791628
38.562219/122.791628
------83
-------

83

83

83

83

83

(m asl)

Elev.

200
-------

150

80

40

20

0

(cm)

Depth

20
-------

20

20

20

20

2

0.997
-------

0.997

0.997

0.997

0.997

0.997

Sample
thickness Shileiding
correction
(cm)

8.95
0
0
0
0
0
0

7.03

7.71

4.42

6.77

7.56

(g)

Qtz
mass

39-Blank
39-Blank
41-Blank
39-Blank
-------

281
281
285
259
239
242
285
282
282

37-Blank

240
279

39-Blank

Blank

281

(µg)

9
Be
spike

±σ

5.1118E-14
3.0826E-15
4.5914E-16
1.4102E-15
1.8972E-15
8.1539E-16
1.8901E-15

1.3079E-15
3.2148E-16
1.2284E-16
2.0463E-16
5.7827E-16
1.3538E-16
2.3057E-16

4.0003E-14 9.1941E-16

4.6461E-14 9.9722E-16

3.3752E-14 9.9522E-16

7.4132E-14 1.3780E-15

7.2423E-14 1.3740E-15

µ

Be/9Be

10

-------

10.5

10.2

10.9

13.4

17.2

17.5

µ

-------

0.3

0.3

0.3

0.5

0.3

-------

--

--

--

--

--

-------

--

--

--

--

--

1.1

-------

--

--

--

--

--

3.3

Exposure age
(ka)
±σ
±σ
µ
(int) (ext)

0.4 51.3

±σ

[10Be] (104
atoms g-1)

Exposure Ages are Calculated from CRONUS online exposure age calculator (Balco et al 2008) using LSDn scaling (version 3; wrapper/get_age 3.0.2; muons
1A α=1; consts 2020-08-26). [10Be]: Blank-corrected 10Be concentrations; Qtz: Quartz; m asl: meters above sea level; µg: micrograms; µ: mean value; σ:
standard deviation; Int: Internal uncertainty; Ext: External uncertainty; Elev: Elevation in meters above sea level.

Process
Blanks

Foothill
Regional
Park
Q2C
Fan

Deposit

Sample
Type

APPENDIX D: IR-IRSL SAMPLE RESULTS

111

112

-122.7927

38.5744

217

217

Elev.
(m asl)

3.00

3.00

Depth
(m)

1.10

1.10
5.20

5.20
2.35

2.35
2.55

2.55

Equivalent dose
(Gy)

± 0.10 204.58 ± 20.22

± 0.10 105.49 ± 18.17

K
Th
U (ppm) Total dose-rate
a
(%) a (ppm) a
(Gy/ka)

80.29

41.40

± 8.51

± 7.30

Post-IR IRSL
age (ka) b c

Grain size used 175-200 µm.
Radionuclide conversion factor after Liritzis and Stamoulis (2013); α attenuation factor after Brennan et al. (1991); β attenuation factor after Guérin et al.
(2012).
Internal K contents were 12.5±0.5% after Huntley and Baril (1997).
Cosmic dose rates following Prescott and Hutton (1994).
a
U, Th and K contents derived via ICP-OES with relative uncertainties of 5%.
b
Ages are calculated in DRAC-calculator (Durcan et al., 2015).
c
Central Age Model Sample Currently being measured.
Lat. (◦N): Latitude in degrees North
Long. (◦W): Longitude in degrees West
Elev. (m asl): Elevation in meters above sea level
Depth (m): Depth in meters
K (%): Potassium concentration by percent
Th (ppm): Thorium concentration in parts per million
U (ppm): Uranium concentration in parts per million
Total dose-rate (Gy/ka): Total dose-rate in gray (Gy) per 1000 years
Equivalent dose (Gy): Equivalent dose rate in gray

-122.7927

38.5744

Sample Name Lat. (◦N) Long. (◦W)

Minimum Age Model
J1516
19-RCF-05
Central Age Model
J1516
19-RCF-05

Lab code

